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Malaria is a mosquito-borne parasitic disease that infects more than 200 million 
people and causes more than 600,000 deaths annually. During the asexual cycle of 
malaria infection, healthy red blood cells (RBCs) are invaded and modified by 
malarial parasites. The infected RBCs (iRBCs) become stiff and sticky at the late 
stages of infection. As the stiffening of iRBCs may result in spleen clearance, the 
stickiness of iRBCs enable them to adhere to endothelial receptors to avoid such 
sequestration. It is believed that cytoadherence of malaria iRBC is one of the main 
causes of malaria pathogenesis. 
 
In this thesis, we developed a flow based protocol to study the binding kinetics of 
iRBCs adhesion to an endothelial protein, CD36, under shear flow. Using this device, 
we experimentally demonstrated the bistability property of iRBC adhesion under 
shear flow. Subsequently, we quantitatively investigated different parameters involved 
in the binding process under flow, such as contact area and deformability of iRBCs at 
different stages of infection.  
 
We also investigated the effects of an anti-malaria drug, chloroquine, on the 
cytoadherence of the iRBCs under shear flow. We observed that the binding strength 
of chloroquine treated iRBCs decreased after hours of incubation. In studying the 
mechanism that may contribute to the decrease in binding strength, we considered two 




factors: (1) PfEMP1 expression level on the iRBC membrane and (2) the contact area 
of iRBC to CD36 coated substrate under shear flow. Atomic force microscopy (AFM) 
technique was firstly employed to image the surface knob distribution. While there 
were no significant changes in knob density and knob size, we found that the cell 
membrane shear modulus and sphericity increased after 8 hours 1 M chloroquine 
treatment by using micropipette aspiration. Study of cytoskeleton network using AFM 
showed the increase in spectrin length, explaining the increase in membrane shear 
modulus. Using total internal reflection fluorescence microscopy (TIRF), a decrease 
in contact area between iRBCs and flow substrate was observed. Hence, we believe 
that the increase in cell membrane shear modulus and sphericity contributed to the 
decrease in contact area thus led to the decrease in binding strength.  
 
This thesis established an experimental protocol in studying dynamic binding kinetics 
of iRBC under shear flow. It provided a better understanding of cell adhesion in 
malaria pathogenesis and can potentially be applied in the development of adjunctive 
therapy targeting the cytoadhesion process. 
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Chapter 1 Introduction 
1.1 Malaria 
Malaria is an infectious disease caused by the parasite of the Plasmodium (P.) genus. 
The five species of parasites that affect humans are P. falciparum, P. vivax, P. ovale (P. 
ovale curtisi and P. ovale wallikeri), P. malariae and P. knowlesi. Among them, P. 
falciparum is the most deadly, and threatens billions of people worldwide.  
 
This disease can be traced back to 2700 B.C. where references to its unique fever 
pattern associated with enlarged spleens were found in the ancient Chinese Canon of 
Medicine. It was until the late 19
th
 century when the myth of the disease was slowly 
unveiled, scientifically attributing to the remarkable discovery of malaria vector by 
Ronald Ross in 1897 (Neghina et al. 2010). The global endemic disease was gradually 
under control and finally eradicated in US in 1960s by the use of anti-malaria drugs 
and insecticides against the vector. However, the Global Malaria Eradication 
campaign was aborted after 1970s and until the beginning of 21th century, little 
attention was focused on. At that time, approximately 3.3 billion people were at risk 
in 109 countries around the world, especially the less developed countries. Billions of 
people are currently still at risk. 





Figure 1.1. World distribution of indigenous malaria cases confirmed - 
®
2014 Global 
Malaria Mapper, customized map using data from the World Malaria Report 2012. 
 
As shown in Figure 1.1, the World Malaria Report 2012 data revealed the worldwide 
distribution of outpatient indigenous malaria cases confirmed. In particular, higher 
prevalence is observed in Sub-African and South East Asia. In addition to the wide 
transmission of this disease, its virulence is another threat to the people in malaria 
endemic regions. The most recent statistics shows there were around 207 million 
episodes of malaria worldwide in 2012 and of which ~ 627,000 episodes resulted in 
death (uncertainty range: 437,000 – 789 000). Furthermore, approximately 80% of 
malaria resulted deaths were children under five-years old (WHO 2013).  
 
Fortunately, malaria can be prevented or treated completely provided current 
recommended interventions are properly implemented such as vector control, larval 
control, chemoprevention for the most vulnerable population, microscopy or rapid 
diagnostic tests and timely treatment with appropriate anti-malaria drugs (WHO 2013). 




However, malaria endemic countries are generally less developed. It places a heavy 
economic burden on those countries, limits their economic development, and thus 
hinders the combat against malaria. This situation is worsened with the increased 
incidence of anti-malaria drug resistance. Therefore, it is not easy to reach the goal 
which was stated in the 2008 Roll Back Malaria Global Malaria Action Plan to reduce 
the malaria death to zero by 2015. This goal is further obstructed with the current 
existing large financial gap of US$ 2.6 billion as well as the increasing resistance 
against anti-malaria drugs. Recently, WHO proposed a second Ten-Year Plan 
(2016-2025) which will focus more on the technical strategy for malaria control and 
elimination such as anti-malaria drug resistance, malaria chemotherapy, vector control 
and vaccine development (WHO 2013). To achieve these goals, it is essential to 
obtain a deeper understanding of malaria pathogenesis.   
 
1.2 Pathogenesis of P. falciparum 
When the P. falciparum infected female anopheles mosquito bites a human, it injects 
the sporozoites into the subcutaneous tissue of the host. These sporozoites enter into 
liver cells where they multiply. Each sporozoite is capable of generating tens of 
thousands of merozoites. After those merozoites are released back into the blood 
circulation, they are ready to invade healthy red blood cells (RBCs) and the clinical 
symptoms begin (Miller et al. 2002a). The infected RBCs (iRBCs) thereafter go 
through a sequence of different developmental stages: ring, trophozoite and schizont 
stages. This sequence ends after 48 hours with the bursting of the iRBCs, releasing 




16-32 new merozoites (Maier et al. 2009) for a new cycle of invasion and infection. 
This is also known as the asexual cycle. Among these merozoites, a few develop into 
gametocytes and which will be sucked out by a mosquito during a blood meal and 
then transmitted to the next person (Figure 1.2).  
 
During the asexual cycle, iRBCs in the blood circulation become stiffer at the late 
stage of maturation, thus are easily filtered and destructed by the spleen. To avoid this 
fate, the parasite extensively exports adhesive proteins to the surface of the host cell, 
causing the host cell to stick to microvascular endothelial cells in different organs. 
Consequently, the adhesion of iRBCs to endothelial receptors may result in blockage 
and dysfunction of organs and lead to severe malaria such as cerebral malaria or 
placental malaria. 
 
Figure 1.2. Parasite life cycle and pathogenesis of P. falciparum malaria (Miller et al. 
2002b). 




1.3 Current studies on cytoadherence of P. falciparum iRBCs 
1.3.1 Healthy RBCs and P. falciparum iRBCs 
a. Healthy RBCs 
Human RBCs, also called erythrocytes, are produced from committed stem cell 
through a process called erythropoiesis in about 7 days. The mature RBCs are able to 
live in blood circulation for about 100 to 120 days. Mature RBCs lack nucleus and 
other organelles and thus are able to store hundreds of millions of hemoglobin 
molecules to carry oxygen. On the other hand, RBCs are unable to undergo mitosis to 
generate new cells. Once they are about 120 days old or damaged, they will be 
removed from circulation by spleen, liver, and lymph nodes. 
 
The biconcave disc shape of the human RBC plays an important role in oxygen 
delivery from lungs to body tissues through blood circulation. A healthy RBC has a 
diameter of 6-8 μm and a thickness around 2.5 μm (Evans and Leblond 1973). This 
unique structure of the RBC membrane makes it deformable, enabling it to squeeze 
through the capillary network in blood circulation. The membrane comprises three 
layers: the glycocalyx on the outside, the lipid bilayer in between and the inner 
membrane skeleton. The glycocalyx layer is rich in carbohydrates, the lipid bilayer 
contains many transmembrane proteins and the inner membrane skeleton is the 
structural network of proteins that contributes the most to cell deformability. It 
defines the shape of the RBC and determines the membrane shear elastic modulus 
(Evans and Leblond 1973).  




The membrane skeleton is a well-connected network of spectrin tetramers. The 
spectrin tetramer is composed of two α-spectrins and two β-spectrins that associate 
“head-to-head”. The “tails” of the heterotetramers link to each other through actins, 
protein 4.1, adducin, tropomyosin and so on. The well connected spectrin tetramers 
form the triangular meshwork and it is tethered to the cell membrane by ankyrin that 
couples spectrin to band 3 protein as well as by protein 4.1 that couples to 




Figure 1.3. Schematic drawing of RBC membrane structure (Maier et al. 2009). 
 
b. P. falciparum iRBCs 
When the newly released merozoites approach the healthy RBCs, the surface proteins 
of merozoites such as EBA175 and EBA140 can bind to RBC surface ligands, 
sialoglycoproteins, glycophorins A and C (Maier et al. 2009) to initiate the invasion. 




Once the parasites successfully enter a RBC through invagination of a 
protein-free-patch of membrane, parasitophorous vacuoles will be formed. Thereafter, 
the parasites start to remodel the host cells as illustrated in Figure 1.4 (Maier et al. 
2009). 
 
Figure 1.4. The membrane skeleton of P. falciparum infected RBC (Maier et al. 
2009)  
 
At the ring stage, ring-infected erythrocyte surface antigen (RESA) was encoded. This 
protein is linked to a spectrin and stabilizes the membrane skeleton. In the late stage 
iRBCs, knob-associated His-rich protein (KAHRP) molecules form a knob-like 
structure and these molecules also interact with spectrin. Proteins such as Pf332 and 
mature-parasite-infected erythrocyte surface antigen (MESA) are also encoded in the 




late stage and bind to the spectrin-actin junction complex and P. falciparum 
erythrocyte membrane protein 3 (PfEMP3) binds to spectrin. These proteins further 
compromise the deformability of RBC membrane. To avoid spleen clearance, a 
surface protein P. falciparum erythrocyte membrane protein 1 (PfEMP1) is exported 
outside the cell membrane. Studies showed PfEMP1s mainly concentrate on the knobs 
and the inner membrane domain interacts with KAHRP where the extracellular 
domain of PfEMP1 on the knob protrusion is responsible for the binding of the iRBC 
to endothelial receptors to mediate cytoadherence under flow condition (Crabb et al. 
1997; Rug et al. 2006).  
 
1.3.2 Cytoadherence of P. falciparum iRBCs 
Cytoadherence is a survival strategy undertaken by the P. falciparum parasite to avoid 
being sequestrated by spleen. However, to the host, it causes obstruction of 
microvasculature which leads to metabolic dysfunction and ultimately organ failure. 
 
The first postmortem study on the pathogenesis of severe malaria dates back to the 
late 19
th
 century. Higher parasite level was found in comatose malignant fever patients 
than those with benign fever. Also, the parasites mainly retained in the tissue 
microvasculature instead of flowing in the peripheral circulation (Marchiafava 1894). 
These findings raised the question on whether the adhesive property of the parasites 
was linked to the severity of malaria, resulting in further malaria studies that focused 
on the adhesion of iRBC to endothelial receptor. In 1981, Udeinya et al found that the 




adhesion of iRBCs to endothelial cells was associated with the knob-like structure 
(Udeinya et al. 1981). As continuous in vitro culture may lead to the loss of the 
binding property in 30 days (Udeinya et al. 1983), periodic selection was suggested 
for in vitro culture research studies. 
 
The adhesion of iRBC to endothelial receptors generally involves two parts: the 
PfEMP1 on iRBC surface and several receptor proteins on endothelial cells, such as 
cluster of differentiation 36 (CD36), intercellular adhesion molecule 1 (ICAM-1), 
thrombospondin (TSP) etc. 
 
a. PfEMP1 
The large antigenically variant surface protein, called P. falciparum erythrocyte 
membrane protein 1 (PfEMP1) was biochemically characterized in early 1980s (Aley 
et al. 1984; Leech et al. 1984). It was identified as a large and size diverse 
(200-400kDa) 
125
I-lablled protein exported on iRBC membrane. 
 
The PfEMP1 is encoded by approximately 50-60 different var genes (Baruch et al. 
1995; Kyes et al. 2001) and each parasite produces a single PfEMP1 variant at a rate 
of 2% at each parasite cycle (Roberts et al. 1992). As shown in Figure 1.5, the 
complete repertoire of var gene in 3D7 isolate is classified into 17 protein 
architectures. These architectures are further classified into five different types (UpsA, 
UpsB, UpsC, UpsD and UpsE) by promoter sequence. The PfEMP1 has multiple 




domains: N-terminal segment (NTS), Duffy-binding like (DBL) domain, cysteine-rich 
inter-domain region (CIDR) domain, C2 domain, transmembrane (TM) and acidic 
terminal segment (ATS). The regions responsible for binding are the DBL and CIDR 
domain. Based on the sequence similarity, those domains can be divided into different 
sequence types and only specific sequence type binds to a certain receptor. For 
instance, CIDR-α type domains bind to CD36, but not for CIDR-β type domains. 
Even the same type of domains which are capable to bind to the same receptor, for 
instance CIDR-α type domains that bind to CD36, are still different in  30-50% 
amino acids (Kraemer and Smith 2006). Thus, it is difficult to develop a specific 
antigen that blocks the domains from binding to a specific host receptor. 






Figure 1.5. Structure of PfEMP1 variant protein domains and sub-domains 
responsible for binding to different endothelial receptors (such as CD36, ICAM-1 etc) 
(Kraemer and Smith 2006). 
 
 




b. Endothelial receptors 
CD36 is a membrane glycoprotein, with a molecular weight of 88 kDa, expressed on 
endothelium, platelets, macrophages, monocytes, erythrocyte precursors and 
adiposities (Greenwalt et al. 1992). A study on CD36 mutants that lack one or both 
hydrophobic termini suggested that the topology of CD36 is a “hairpin-like” structure 
(Gruarin et al. 2000). As shown in Figure 1.6, α-helics at the N and C-terminals 
project though the membrane and form a large extracellular loop. This loop is 
involved in the cytoadherence of P. falciparum iRBC to endothelial cells. Blocking 
studies have shown the binding site for various PfEMP1s are 139-184 amino acids 
(Baruch et al. 1999; Daviet et al. 1997). 
 
Figure 1.6. Predicted “hairpin-like” topology of CD36 (Serghides et al. 2003). 
 
It is widely accepted that PfEMP1 variants bind to CD36 via CIDR domain (Baruch et 




al. 1999; Miller et al. 2002b). Almost all P. falciparum isolates derived from malaria 
patients with mild malaria has this binding property (Newbold et al. 1997). However, 
the link between CD36 binding and malaria severity is still not clear as some studies 
show no correlation in sub-Saharan Africa while others show a significant positive 
correlation in South East Asia (Rowe et al. 2009). 
 
ICAM-1 is another important protein that plays an important role in iRBC 
cytoadherence. It belongs to the immunoglobulin superfamily and is encoded by the 
ICAM-1 gene and expressed on endothelial cells as well as leukocytes. Earlier 
histological studies have shown the colocalization of iRBC and ICAM-1 in brains of 
patients who died from cerebral malaria (Turner et al. 1994). Later, it was found the 
up-regulation of ICAM-1 due to the presence of cytokines, such as tumor necrosis 
factor-α (TNF-α), reached high levels in severe malaria (Lou et al. 2001; Rowe et al. 
2009).  
 
Chondroitin sulfate A (CSA) protein binds to PfEMP1 that is encoded by var2CSA 
gene. This gene is different from the genes that encode CIDR domains which bind to 
CD36. Var2CSA gene only undergoes self-self recombination thus is conserved across 
parasite isolates. Therefore, iRBCs expressing var2CSA gene only bind to CSA but do 
not bind to CD36 (Rowe et al. 2009; Rowe et al. 2002; Salanti et al. 2004).  
 
Other receptor proteins such as TSP, P-selectin, E-selectin and PCAM1 were also 




reported to bind to PfEMP1 but did not receive much attention. Thus, binding sites 
and correlations to severe malaria are unknown. 
 
1.3.3 Different techniques in studying cytoadherence of iRBC to endothelial 
receptors 
In the study of cytoadherence of iRBC to endothelial cells or receptors, different 
techniques have been utilized, such as static binding assay, flow binding assay, dual 
micropipette aspiration and atomic force microscopy (AFM).  
 
Static binding assay was the first assay used to directly demonstrate the binding of 
iRBC to endothelial cells or receptors when cytoadhesion was proposed to play an 
important role in malaria pathogenesis (Cooke et al. 1994; Leech et al. 1984; Udeinya 
et al. 1983). This assay is still a popular tool used in studying the binding property of 
certain receptor-ligand pair or binding phenotype selection. However, in the field of 
malaria studies, flow binding assay using a fluidic chamber addressed the shear stress 
dependent adhesion and mimicked cytoadhesion in capillaries (Antia et al. 2008; 
Cooke et al. 1994; Nash et al. 1992). This technique enabled scientists to study the 
different roles that adhesion receptors play in modulating adhesion in microvessels. 
Cooke et al proposed that ICAM-1 may be important for the initial contact of rolling 
cells whereas CD36 or TSP is involved in immobilization and stabilization (Cooke et 
al. 1994). While both static and flow based assay helped to identify the relevant 
endothelial receptors, cells and parasite proteins PfEMP1 involved in cytoadhesion, 




they did not provide quantitative information such as binding strength or binding 
kinetics of such bonds.  
 
The quantitative analysis of iRBC adhesion ligands to endothelial receptors or cells 
was achieved using dual micropipette aspiration by Nash et al. They measured the 
binding force of a single iRBC to endothelial cells or other cell lines that express 
specific endothelial receptors. The study focused on the force applied to separate the 
two cells otherwise known as the adhesion energy density. It is defined as the work 
required to separate a unit contact area (Nash et al. 1992). In their study, they 
measured the adhesion force between iRBC and ICAM-1 or CD36-expressing cells 
and found that the force required for detachment was around 100 pN.  
 
Atomic force microscopy (AFM) was first utilized to study the surface morphology of 
iRBCs by Aikawa et al (Aikawa et al. 1996). They showed AFM images of knobs on 
unfixed iRBCs and revealed the great potential of AFM for examining cells in their 
native stage. Later, Nagao et al quantitatively studied the knob density of iRBC at 
different stages of infection by combining AFM with epi-fluorescence microscopy. 
They demonstrated that the knobs density was proportional to the iRBC infection 
stage and parasite number in the iRBC (Nagao et al. 2000). In addition to morphology 
imaging in malaria field studies, AFM was also extensively used in adhesion studies. 
Li et al. used AFM to study the adhesion forces and kinetics between iRBCs and 
recombinant CD36 and TSP functionalized tips (Li et al. 2011). Davis et al. used AFM 




to study the adhesion force between iRBCs and endothelial cells and explored the 
mechanism that promotes CD36 signaling following cytoadherence (Davis et al. 
2012).  
 
1.4 Hypothesis, Objectives and Scope of work 
1.4.1 Hypothesis 
When a RBC is infected by P. falciparum, the iRBC membrane is modified by 
proteins exported by the parasite such as RESA, KAHRP and PfEMP1. The first two 
proteins are responsible for the change in iRBC mechanical properties and PfEMP1 is 
known to be associated with adhesion to endothelial receptors. As introduced 
previously, cytoadherence of iRBCs to endothelial cells plays an important role in 
malaria pathogenesis. Extensive studies on cytoadherence have already demonstrated 
different binding properties of iRBC to endothelial receptors and cells. However, 
some of them only study the population using flow assays mimicking in vivo shear 
flow while others focused on single cell or single molecular interactions to obtain 
binding forces or kinetics. Hence, the binding kinetics under flow condition is still 
poorly understood. Recently, Efremov et al (Efremov and Cao 2011) developed a 
theoretical model that described the bistability property of cell adhesion under shear 
flow. Thus, we hypothesize that “the adhesion of malaria iRBCs to endothelial 
receptors under shear flow has bistability property and the binding strength of iRBCs 
to endothelial receptors depends on geometrical and physicochemical parameters of 
adhesion proteins”. 





In this thesis, we focus on studying the dynamic binding kinetics of iRBC to an 
endothelial protein, CD36, under shear flow. The objectives are to: 
1. develop a flow protocol to study the binding kinetics of common P. falciparum lab 
strain 3D7 iRBCs to CD36 under shear flow using microfluidic channels. 
2. investigate different parameters involved in the binding process under flow, such 
as cell deformability and contact area of iRBCs at different stages of infection. 
3. investigate the effect of an anti-malaria drug, chloroquine, on the cytoadherence of 
iRBC under flow. 
 
1.4.3 Scope of work 
In this thesis, we will focus on the dynamic binding kinetics of P. falciparum iRBC 
and the chloroquine-treated iRBC in a microfluidic device functionalized with CD36. 
To better understand the experimental design, the advanced microfluidic technique as 
well as different microscopy techniques employed in examining geometrical and 
physicochemical parameters involved in shear flow, such as cell radius and binding 
area of cell under flow, will be reviewed in Chapter 2. Combined with a bistability 
theoretical model developed recently (Efremov and Cao 2011), the study of dynamic 
binding kinetics of P. falciparum iRBCs is reported in Chapter 3. In Chapter 4, we 
extended our study to the effect of an anti-malaria drug, chloroquine, on the 
cytoadherence of iRBCs under flow. Factors contributing to the change of iRBC 
biomechanical properties were also investigated.  




In summary, our studies are important for the better understanding of the adhesion 
kinetics under flow. This thesis bridges previous population based flow studies and 
binding kinetic studies on single cell. Potentially, it may lead to a new perception in 
the development of adjunctive therapies that reverse cytoadherence. 
 
  




Chapter 2 Materials and Experimental Methods 
This chapter covers techniques used in the cytoadherence study of iRBC under flow 
as well as the investigation of iRBC biomechanical properties that influence cell 
adhesion under flow. There were three main techniques employed in these studies: 1) 
microfluidic channel fabrication, including photolithography in mold fabrication and 
polydimethylsiloxane (PDMS) channel fabrication, 2) microscopy, namely differential 
interference contrast (DIC) microscopy, atomic force microscopy (AFM), and various 
types of fluorescence microscopy extensively used in biomedical sciences such as 
epifluorescence microscopy, total internal reflection fluorescence (TIRF) microscopy, 
and confocal microscopy, and 3) micropipette aspiration technique. 
 
2.1 Microfluidic channel fabrication 
2.1.1 Photolithography for microfluidic mold fabrication 
Photolithography, also termed optical lithography, is a process that utilizes light to 
copy a customized pattern from a photo mask onto a light-sensitive photoresist 
substrate. The photo mask can be polyester film mask or fused quartz with patterns on 
a layer of chrome. The former is less costly but has a lower resolution as compared to 
the latter. The material commonly used as photoresist for microfluidic mold is SU-8. 
It is an epoxy-based negative photoresist and is used to produce high aspect ratio of 
more than 20 (Liu et al. 2004).Upon exposure to UV light, the long molecular chains 
of SU-8 crosslink and solidify the material. The area blocked by the photo mask is 




subsequently washed off in the developer. Consequently, a negative pattern is 
transferred onto the substrate for the fabrication of the microfluidic mold. 
 
Figure 2.1. Schematic illustration of photolithography operating procedure. 
 
Standard operating procedure for optical lithography is illustrated in figure 2.1 and is 
briefly elaborated as follows: 
A. Photoresist coating. After substrate (wafer) is cleaned, a certain thickness of 
photoresist (SU-8) is spin-coated on the clean substrate. The coated substrate is 
then prebaked to remove excess photoresist solvent. 
 
B. Exposure. After prebaking, the photo mask is aligned with the resist-coated 
substrate and exposed to UV light.  
 




C. Development. After UV exposure, the substrate is then exposed to the developer, 
resulting in a positive or negative pattern depending on the photoresist coated on 
the substrate. For instance, SU-8 is a negative photoresist and produces a negative 
pattern after development. Thereafter, hard baking may be performed to improve 
stability, adhesion and chemical resistance.  
2.1.2 Microfluidic channel fabrication 
Polydimethylsiloxane (PDMS) is a widely used polymer for the manufacture of 
microfluidic chips. After mixing with a cross-linking agent and heated, PDMS is 
cross-linked and becomes a hydrophobic elastomer. The cross-linked PDMS is 
transparent, deformable, bio-compatible, gas permeable and inexpensive compared to 
previously used materials such as silicon. 
 
Figure 2.2. Schematic representation of microfluidic channel fabrication steps from a 
master mold. 
 




Figure2.2 illustrates the process involved in microfluidic channel fabrication: 
A. Master mold fixation. The mold fabricated after photolithography is firstly fixed 
in a Petri dish using double-sided tape.  
 
B. Silane deposition. A thin layer of trichloro (1H, 1H, 2H, 2H-perfluorooctyl) 
silane vapor generated in vacuum is deposited on the master mold. The 
application of silane is to ensure easy detachment of the PDMS from the mold 
after curing. 
 
C. PDMS pouring and curing. PDMS mixed with 10% cross-linking agent is 
poured onto the silane coated master mold and degassed in a vacuum desiccator 
for about one hour. Degassing is essential to remove air bubbles generated during 
the mixing process and to ensure the transparency of the PDMS after curing. 
Thereafter, it is placed in the 80°C oven to cure for two hour. During this process, 
the cross-linking agent cross-links PDMS and hardens it.  
 
D. PDMS channel peeling. The hardened PDMS is ready to be peeled off after it 
cools to room temperature. Two holes are subsequently punched at the ends of the 
channel to form the inlet and outlet. 
 




E. PDMS bonding. Plasma oxidation of PDMS produces silanol terminations (SiOH) 
that is able to covalently bond to an oxidized glass surface by the creation of a 
Si-O-Si bond. After plasma treatment for five minutes, the peeled PDMS and glass 
slide are bonded together. Thereafter, the bonded channel is placed in the 80°C 
oven for two hours to obtain good bonding quality. 
2.2. Microscopy techniques  
2.2.1 Differential interference contrast and phase contrast microscopy 
a. Differential interference contrast microscopy 
Differential interference contrast (DIC) microscopy was chosen to view malaria 
iRBCs instead of phase contrast microscopy. It is also known as Nomarski 
interference contrast microscopy, this technique was introduced in 1952 and 1955 by 
Nomarski. It provides images of higher quality with fewer artifacts than phase 
contrast microscopy. More importantly, it allows the differentiation of the malaria 
iRBCs from normal RBCs as well as different stages of malaria iRBCs under high 
magnification without fluorescence labeling. 
 
Figure 2.3 shows the light path of DIC optics. Light first travels through the polarizer 
to become plane polarized light. The polarized light then enters the first Wollaston 
prism, labeled as Wollaston I as shown in Figure 2.3. It composes two quartz wedges 
and splits the polarized light into ordinary rays (O rays) and extraordinary rays (E 
rays). These two rays vibrate perpendicularly to each other and intersect at the focal 
plane of the condenser, thus emerge parallel on the other side of the condenser. The 




parallel rays travel extremely close to each other but continue vibrating perpendicular 
to each other without any interference. Subsequently, they propagate through the 
sample. The wave paths are then altered according to the sample’s thickness and 
refractive indices. The parallel beams are then focused above the rear focal plane of 
the objective before entering a second modified Wollaston prism, where they 
recombine in the objective rear aperture. Thereafter, the recombined light passes 
through the analyzer. It is a polarizer brings the vibrations of different path length 
beams into the same plane. Lastly, the light travels to the observer through the 
eyepiece. 
 
Figure 2.3. Schematic representation of light path of DIC microscopy (Murphy 
2012).  




b. Phase contrast microscopy 
Phase contrast microscopy was originally developed to image unstained objects such 
as living cells or thin and transparent specimens (around 100 nm) which are invisible 
in ordinary bright field microscopy. It transforms phase objective waves differences to 
amplitude differences, thus is able to produce high contrast images for transparent 
specimens.  
 
Figure 2.4. Schematic illustration of waveform of light passes through objects. (a) 
Reference waveform of light. (b) Light passes through amplitude object. Energy is 
absorbed and amplitude is reduced, but the phase of emergent light is not changed. (c) 
Light passes through phase object. Velocity and phase are changed but not the 
amplitude (Murphy 2012). 
 
As shown in Figure 2.4b, when light passes through a stained sample, which is called 
amplitude object, with the complementary filter to the color of the specimen, the 
amplitude of object ray is significantly reduced compared to the reference wave. The 
produced amplitude differences are therefore able to be detected by the eye. Most 
transparent and thin specimens do not absorb light. Instead, they are able to diffract 




the light and result in phase shifts when the light rays pass through (Figure 2.4c). 
Therefore, by transforming the phase shifts to amplitude differences, those transparent 
and thin objects can be imaged. 
 
When light passes through the specimen, it is diffracted and retarded in phase by λ/4 
relative to surround light or undeviated wave (Figure 2.5). The phases of those two 
waves can be selectively manipulated using a phase plate which is mounted near the 
real focal plane of the objective. The phase plate advances the undeviated wave by λ/4. 
As a result, the phase difference of the diffracted wave and undeviated wave is λ/2. 
The destructive interference with diffracted wave happens in the image plane. The 
ring, coated with a partially absorbing metal film, reduces the light amplitude by 
70-75% and ensures a high-contrast image.  Consequently, the particle wave with 
amplitude smaller than undeviated wave (high contrast) is generated by the 
interference in the image plane. That is how the difference in phase induced by 
specimen is transformed into a difference in amplitude.





Figure 2.5. Schematic illustration of phase contrast light path (left) and objective 
phase plate (right).  
 
2.2.2. Atomic force microscopy 
Atomic force microscopy (AFM), also termed scanning force microscopy. It is a high 
resolution modality of scanning microscopy. The working principle and basic 
components of an AFM are schematically illustrated in Figure 2.6. 
 
Figure 2.6. Schematic representation of an AFM instrument. 




AFM senses the sample surface using a sharp cantilever tip, where the tip is mounted 
at the end of the spring-like cantilever. During scanning, precise relative displacement 
between the sample and tip is achieved using a computer-controlled piezoelectric 
stage. Interactions between the tip and the sample surface, such as van der Waals 
interaction, result in cantilever deflection. This deflection is monitored by a laser 
beam directed at the tip of the cantilever and subsequently is detected by photodiode 
detector, which can be later used to study the sample topography.  
 
a. Topography imaging 
The most commonly used AFM modality for topography imaging is the contact mode. 
It is the original imaging modality when the AFM was first invented (Binning et al, 
1986). As its name states, the tip scans the sample by being in close contact with the 
sample surface. A force is first pre-set to push the cantilever against the sample 
surface. During scanning, if the measured deflection changes due to sample surface 
changes, the computer monitored control system responds immediately and moves the 
sample or tip accordingly to restore the deflection due to the preset force. Thus, the 
movement of the tip follows the topography of the sample (Figure 2.7a). Contact 
mode can be performed on dry samples as well as samples immersed in fluid with 
faster scanning speed and higher resolution as compared to tapping mode. However, 
the drawback of this method is that the tip is in close contact with the sample and 
drags across the specimen during scanning. Consequently, image quality will be 
compromised especially when scanning sticky substrates or soft samples that are 




loosely attached to the substrate. 
 
 
Figure 2.7. Schematic illustration of different modes of AFM in topography imaging. 
(a) Contact mode and (b) Tapping mode (Averett and Schoenfisch 2010). 
 
Tapping mode, or intermittent contact mode, was subsequently developed to minimize 
this unwanted dragging force. In this modality, the cantilever is oscillated acoustically 
in a range near its own resonant frequency by a computer-controlled piezoelectric 
stage which is contacted with the cantilever holder.  During scanning, the tip comes 
into contact with the sample surface shortly in each oscillation. The amplitude of the 
oscillation is monitored and maintained by a feedback control system. As shown in 
Figure 2.7b, when the tip taps the protrusion part of the sample surface, the space for 




the tip to oscillate is reduced thus the amplitude decreases. Similarly, when the tip 
reaches a depression, the cantilever has more space to oscillate thus resulting larger 
oscillation amplitude. The changes in oscillation amplitude are subsequently used to 
measure the surface morphology. 
 
b. Force spectroscopy 
The force spectroscopy measures forces between a functionalized AFM tip and the 
sample surface ligand. During force spectroscopy, the data collected is the deflection 
of the cantilever versus the z-scanner displacement. As shown on a typical force curve 
(Figure2.8), the blue curve represents the approaching process and the red curve 
represents the retracting process. During the approaching process, the cantilever does 
not deflect when the tip is far away from the sample. Upon contact with the sample, 
the cantilever senses a repulsive force and bends until a pre-set force value is reached. 
The tip then retracts and moves away from the sample surface. If there is an 
interaction between the receptor on the sample surface and the ligand on the tip, the 
bond will link the tip and sample. As a result, the tip will sense a negative bending 
until the bending force exceeds the bond strength. The bond will break and the 
cantilever will rapidly return back to its original position. 





Figure 2.8. Representative force spectroscopy curves. The blue line represents the 
bending of tip when it approaches the substrate and the red line is the detachment 
curve. 
 
2.2.3. Fluorescence microscopy 
a. Epi-fluorescence microscopy 
In light microscopy, fluorescence microscopy is particularly useful when we want to 
detect the existence of certain proteins in cells or protein coated surface. When light is 
absorbed by molecules, their electrons are excited from a lower energy state to a 
higher energy state. However, only a subset of these electrons reuse this energy to 
emit light - the phenomenon referred to as fluorescence (Roberson and Chandler 
2008). The emission of fluorescence is extraordinarily short (usually less than a 
millionth of a second) unlike phosphorescence, which persists up to a few seconds. 




The difference between these two emissions is diagrammatically illustrated in Figure 
2.9. 
 
Figure 2.9. Jablonski Energy Diagrams. 
 
Before the absorption of light, the electrons of the molecule are in the ground state. 
Upon the absorption of a photon, an electron may be raised to a higher energy of 
vibration state whereby there are three possible fates for the excited electron. First, the 
excited electron may lose some energy to the environment and relax to the lowest 
excited singlet state. The electron then jump back to the ground state and at the same 
time emits fluorescent light, which has a longer wavelength as compared to the 
absorbed light due to the loss of energy. The second situation where the electron 
makes a forbidden transition to the excited triplet state which is even lower than the 
lowest singlet excited state and then returns to the ground state, with emission of 
longer wavelength than fluorescent light. This process is known as phosphorescence. 
In the third situation, the electron may also jump from the triplet state back to lowest 
excited state and after which relax to the ground state. This process may take little bit 




longer, a microsecond or two, thus is termed delayed fluorescence.  
 
For a particular fluorochrome, the loss of vibration energy at excited states will cause 
the wavelength of the emission light to be longer than the excitation light. The 
excitation and emission spectral profile is shown in Figure 2.10A. The difference 
between the two peaks is called strokes’ shift. Two spectral profiles overlap with each 
other in certain wavelength in between. Separation of those two peaks and 
maximization of emission are achieved using proper selected filters and dichromatic 
mirrors as shown in Figure 2.10B. 
 
 
Figure 2.10. Fluorescence excitation and emission spectral profiles. (A) Excitation 
and emission spectral profiles with stokes shift (B) Fluorescence filter spectral 
profiles.  
 
Schematic of a fluorescence microscope is shown in Figure 2.11. Light from the light 
source such as mercury lamp passes though the excitation filter and is reflected by a 
dichromatic mirror. Thereafter, the objective focuses the light on the sample, exciting 




it in the process. The fluorescence emitted by the specimen passes through the 
dichromatic mirror and emission filter before focusing on the detector.  
 
Figure 2.11. Schematic illustration of fluorescence microscope light pathway. 
 
b. Total internal reflection fluorescence 
Total internal reflection fluorescence (TIRF) microscopy has been used to excite 
fluorescence between the contact regions of the cultured cells and substrate since 
1891 (Daniel Axelrod). 
 




TIRF microscopy is also called evanescent wave microscopy. The evanescent wave is 
a thin layer of illumination which exponentially decays in intensity with the increase 
of distance above the surface. When light travels through two different mediums of 
different refractive indices, total internal reflection happens when the incident angle is 
above the critical angle (θc). 
The critical angel can be obtained by using the Snell’s Law: 
n1 × sin θ1 = n2 × sin θ2                                             (2.1) 
Where n1 is the higher refractive index and n2 is the lower refractive index, θ1 is 
the incident angle, the angle between the incident beam and the normal plane and θ2 
is the refractive angle, the angle between refractive beam and the normal plan in the 
lower index medium. The critical angle of the incident angle θ1 = θc  is when 
refracted beam parallel to the interface, namely θ2 = 90°. Therefore the critical 
incident angle is:  
θc = arc sin
n2
n1
                                                      (2.2) 
When the incident angle is larger than the critical angle, the light is reflected back into 
the first medium. At the interface of the two mediums, evanescent wave exists, and 
decays exponentially in intensity with the increase of distance above the surface. The 
evanescent wave excites fluorophores in the lower index medium only within 100 nm 
from the interface. (As shown in Figure 2.12) 





Figure 2.12. Schematic representation of the concept of total internal reflection 
fluorescence microscopy. Copyright (2014) Olympus America Inc. 
 
c. Confocal microscopy 
The advantages of using confocal microscopy over conventional epifluorescence 
microscopy are its shallow field depth, its ability to eliminate out-of-focus light from 
focal plane as well as the collection of serial optical sections for thick specimens.  
 
Figure2.13. Schematic illustration of confocal microscopy. 




To eliminate out-of-focus light in the specimens, the basic key is using a pinhole 
aperture before excitation and detection. Schematic illustration of the confocal 
microscopy is shown in Figure 2.13. Compared to the light path of conventional 
epifluorescence microscopy, the light passing though pinhole aperture is focused only 
on the focal plane and the point source is moved across the specimen by scanning 
mirrors. The emitted light also passes through a detector pinhole whereby it is 
subsequently transformed into electrical signal by a photomultiplier. Light rays that 
are out of focal plane will be filtered out at the detector pinhole. By moving the point 
light source through different focal planes, three-dimensional data can be collected in 
the computer. Because the light only focused on a small point of the focal plane on the 
specimen, photo bleaching is also minimized. 
 
2.2.4. Micropipette aspiration 
Micropipette aspiration is a technique that utilizes a micropipette with inner diameter 
of one to a few micrometers to aspirate a living cell. The negative pressure applied to 
the cell causes mechanical deformation of cell membrane (Figure 2.14). Using the 
hemispherical-cap model (Chien et al. 1978; Evans and Leblond 1973), the cell 
membrane shear elastic modulus and sphericity can be calculated.  
 
For the cell membrane shear elastic modulus, a simple relationship (Chien et al. 1978) 
between elongation of cell membrane and the applied negative pressure is given by: 
(∆P × Dp)/μ = 2.45 × ∆Lp/Dp                                         (2.3) 




with ∆Lp/Dp > 1, and ∆P is the applied negative pressure, Dp  is the micropipette 
inner diameter, μ is the membrane shear elastic modulus and ∆Lp  is the aspirated 
length of the cell membrane into the micropipette, as shown in Figure 2.14. 
 




                                                        (2.4) 
where A and V are surface area and volume of the aspirated cell, respectively. The 
surface and volume of the aspirated cell are calculated as， 
A = 2πRP
2 + 2πRP ∆Lp − RP +  4πRS















h3                     (2.6) 
where RP = DP/2 is micropipette inner radius, Rs = Ds/2 is the radius of spherical 
part outside micropipette and h = Rs −  Rs2 − Rp2 . 
 
 
Figure2.14. A schematic of micropipette aspiration of a cell under negative aspiration 
pressure. ∆P is the applied negative pressure, Dp  is the micropipette inner diameter, 
Ds  is the diameter of spherical part outside micropipette and ∆Lp  is the aspirated 
length of the cell membrane into the micropipette.                                         




Chapter 3 Flow Based Adhesion Study of P. 
falciparum iRBCs to CD36 
The P. falciparum erythrocyte membrane protein 1 (PfEMP1) on the knob structure of 
late stage (trophozoite and schizont) of iRBCs is responsible for the binding of iRBCs 
to different microvascular endothelial receptors. These bindings allow the iRBCs to 
avoid being destructed by the spleen and thus parasites multiply in the asexual 
intra-erythrocytic cycle. However, they also cause microvasculature occlusions, and 
lead to complicated malaria or even death. Several studies have shown that PfEMP1 
specifically binds to different endothelial receptors such as CD36, ICAM-1 and CSA. 
The binding domains corresponding to each reaction are also well understood. Yet, the 
dynamic binding kinetics under flow is less studied. It is hence interesting to explore 
how various geometrical and physicochemical parameters are involved in this binding 
process under flow.  
 
In this chapter, the dynamic binding kinetics of 3D7 knob-positive iRBCs flowing 
through CD36 coated microfluidic channel was studied. A simple microfluidic system 
coupled to several microscopy techniques was utilized to study CD36 coating on the 
substrate (epifluorescence microscopy), cell binding numbers and cell binding 
morphology (DIC microscopy) as well as the binding area to CD36 coated substrate 
(TIRF microscopy). These tools helped with obtaining some of the geometrical and 
physicochemical parameters involved in the binding process under shear flow. 




Through fitting of the data with a bistability model previously developed (Efremov 
and Cao 2011), we are able to better understand how different parameters are involved 
in cell adhesion under flow. 
 
3.1 Contact area of iRBC to CD36 coated channel under flow condition 
3.1.1 Sample preparation 
a. Cell culture 
In this study, we used a common laboratory P. falciparum 3D7. Parasites were 
cultured in vitro according to a conventional protocol (Trager and Jensen 1976). 
Parasites were grown in human erythrocytes (obtained from donor with written 
consent) in RPMI 1640 medium (Invitrogen) supplemented with 0.5% Albumax I 
(Invitrogen), 2 mM L-glutamine, 50 µg/ml hypoxanthine and 25 µg/ml gentamicin at 
2.5% hematocrit and cultured at 5% CO2, 3% O2 and 92% N2 at 37 °C.  
 
To maintain the binding ability of late stage iRBCs, enriched late stage iRBCs (see the 
next section: b iRBC enrichment) were allowed to bind to CD36 coated 6-well Petri 
dish for 1 hour in malaria culture incubator. The unbound cells were then washed 
away by gently shaking using RPMI 1640 medium (Invitrogen) at least five times. 
The iRBCs still bounded to the CD36 coated Petri dish were then kept for continuous 
culture by adding fresh RBCs and malaria culture medium (MCM). In the next 12 
hours, late stage iRBCs grew and burst. The released new merozoites invaded the 
nearby fresh RBCs to become ring stage iRBCs, which are not adhesive to CD36 




coated Petri dish. Selected ring stage iRBCs were then collected and transferred to 
culture flask for normal culture on the second day. The same selection method was 
repeated two to three times and the binding ability of the cells were continuously 
monitored by flow and AFM (Li et al. 2011).  
 
When majority of selected parasites were at the ring stage, synchronization by using 5% 
sorbitol was conducted twice at 6-8 hour intervals in order to obtain trophozoite stage 
iRBCs in 12 hours and schizont stage iRBCs in 24 hours after synchronization. 
Parasitemia was measured using Giemsa staining and in each experiment, it was 
greater than 3%. 
 
b. iRBC enrichment 
iRBCs in the late stage of infection (trophozoite or schizont stage) contain 
paramagnetic irons in the hemozoin (Fitch and Kanjananggulpan 1987). Consequently, 
the magnetic-activated cell sorting (MACS) method can be employed to enrich the 
trophozoite or schizont stage iRBCs from initial culture (Ribaut et al. 2008). 
MidiMACS Separation set (Miltenyi Biotec) was used to enrich late stage iRBCs. The 
set includes a LD column, MidiMACS separator and MACS Multi Stand. The LD 
column was first inserted into the MidiMACS separator and preloaded with MCM as 
rinsing buffer. After the LD column was filled with the rinsing buffer, cell culture 
suspension was applied onto the prepared column and rinsing buffer was applied 
before the cell culture suspension level decreased below the matrix surface. Rinsing 




was repeated at least thrice to ensure that the uninfected RBCs and ring stage iRBCs 
were flushed out. Isolated iRBCs were then collected with a new collection tube after 
the column was removed from the separator. 4 ml rising buffer was applied twice in 
order to collect all iRBCs retained in the column. Sorted cells were centrifuged and 
resuspended in 3 ml MCM. After enrichment, the fraction of iRBCs in the trophozoite 
and schizont stage reached more than 90% by checking the Giemsa stained smear 
glass slide of enriched sample under microscope, as shown in Figure 3.1. 
 
      
Figure 3.1. Images of Giemsa smear of iRBC culture before and after MACs 
enrichment. (A) Image of iRBCs before MACs enrichment. (B) Image of iRBCs after 
MACs enrichment. The parasitemia increased significantly after enrichment. 
 
c. iRBC membrane staining with FM®1-43 
To investigate the contact areas of iRBCs to the substrate, lipophilic styryl dye FM
®
 
1-43 (Invitrogen) was used to stain the membrane.  Enriched iRBCs were stained 
using 5 µg/ml FM
®
 1-43 dye, for half an hour and then followed by washing with 




PBS for at least four times. After the final wash, centrifuged pellet was then 
resuspended into MCM.  
 
3.1.2 Flow experiment design 
A custom-made microfluidic PDMS channel, with dimensions of 500 µm (width) by 
100 µm (depth) by 1.5 cm (length) and with two punched holes for the inlet and outlet 
(Figure 3.2), was used in flow adhesion experiments.  
 
Figure 3.2. Schematic of microfluidic flow-based adhesion experiment setup. Cells 
were loaded at the inlet and flowed through the microfluidic PDMS channel. The 
shear stress inside the channel was controlled by the flow rate of the syringe pump 
connected at the outlet. 
 
In each experiment, the channel was prewashed with 70% ethanol before washing 
with distilled water. The cleaned channel was then filled with 20 µl human CD36 
(Sino Biological Inc), with concentration of 20 μg/ml or 50 μg/ml, and incubated 




overnight at 4 °C. The CD36 coated channel was subsequently washed with 
phosphate buffered saline (PBS) (Invitrogen) and coated with 1-3% bovine serum 
albumin (BSA) (Miltenyi Biotec) in PBS before incubating for 30 min at room 
temperature to block nonspecific binding of iRBCs to the channel. After the final 
wash with PBS, the flow chamber was mounted on the Olympus X71 microscope 
stage with masking tape. 
 
The coating of CD36 on the microfluidic channel was examined by anti-CD36 
antibody conjugated with PE (Biolegend). Confocal image of the channel is shown in 
Figure 3.3.  
 
Figure 3.3. Partial 3D confocal image of CD36 coated channel with a height of 100 
µm and a width of 500 µm. 
 
The CD36 coated channel was coated with anti-CD36 antibody conjugated with PE 




fluorescence dye. The brighter portion is the glass substrate while the darker parts 
were the side walls and ceiling of the channel. This observation was due to the fact 
that CD36 does not adsorb as well on PDMS as compared to glass. 
 
Inlet and outlet holes of the channel were connected to the loading reservoir and 
syringe respectively by using Tygon® tubing. IRBCs were then loaded into the 
channel from an open syringe by withdrawing the syringe pump to generate a 
negative pressure inside the channel, as shown in Figure 3.2. The resultant shear stress 
created in the channel was controlled by the flow rate of the syringe pump (New Era 







 (n + 1) where τw  is the shear stress, μ is the viscosity, Q is the 
flow rate controlled by syringe pump, W is the width of the rectangular microfluidic 
channel, H is the height of the microfluidic channel, and  
m+1
m
 (n + 1) is the 
correction factor arising from the sidewall effect. m, n are empirical constants, with 
m = 1.7 + 0.5α−1.4, α = H/W and n=2 if H/W is less than 1/3 . 
 
3.1.3 Contact area measurement using TIRF 
TIRF microscopy was employed to visualize and measure the contact area between 
iRBCs and the surface of the channel. Before each TIRF experiment, synchronized 
iRBC culture was enriched using magnetic method as mentioned in section 3.1.1. 
Staining of the iRBC membrane was verified by using confocal microscopy (Zeiss) 
with a 100X oil objective (Figure 3.4). Finally, fresh healthy RBCs and MCM were 




added in order to reach 2.5% hematocrit and 3-4% parasitemia similar to the iRBC 
prepared for flow experiment (3.1.1. Sample preparation). 
 
 
Figure 3.4. Confocal image of enriched iRBCs stained with FM
®
1-43 dye and 
Hoechst. iRBC membranes were stained with FM
®
1-43 excited by 488 nm laser with 
green light emission and parasites were stained with Hoechst, excited by 405 nm laser 
with blue light emission. 
 
TIRF experiments were carried out on Olympus IX71 using 100X objective and 488 
nm laser. A mixture of FM
®
1-43 stained iRBCs and fresh healthy RBCs were injected 
into the CD36 coated channel using the same flow experiment setup as described 
above. After the cells had attached to the surface of the channel, the contact area 
between iRBCs and the channel were visualized by TIRF, which excites only 
fluorophores residing in the restricted region of the membrane-glass interface (Figure 
3.5). 





Figure3.5. TIRF image of FM
®
1-43 stained iRBCs attached to the CD36 coated 
channel. 
 
In each experiment, more than 10 images of the contact areas were collected from 
different fields of view at each shear stress using a homemade program on GIOR to 
control the camera functions. To gather sufficient data for statistical analysis, each 
experiment was repeated more than three times. Acquired images were then processed 
using ImageJ program, where the contact areas between iRBCs and the channel 
surface were calculated based on the pixel size measurements (each pixel = 160 nm). 
 
3.1.4 Effect of membrane dye (FM 1-43) to cell deformability 
In the contact area measurement, the FM
®
1-43 membrane dye was used to stain the 
iRBC membrane. To study any possible effects of lipophilic styryl dye, FM
®
1-43 dye 




(Invitrogen) staining on the deformability of iRBCs, which may affect the measured 
contact area, micropipette aspiration technique (Hochmuth 2000) was applied to 
measure the elastic shear moduli of stained and unstained iRBCs.  The enriched 
sample stained with FM
®
1-43. After three times washing with PBS, the iRBCs stained 
with FM
®
1-43 were resuspended into 1% BSA in PBS at a volume ratio of 1:2000. 
400-600 µl of the diluted cells was then pipetted into a cell holder (as shown in Figure 
3.6) for micropipette aspiration. 
 
Figure 3.6. Homemade cell holder for micropipette aspiration. A 22 mm x 22 mm 
cover slip is seated on top of a 25 mm x 60 mm cover slip and separated by two thick 
Parafilm M
®
 blocks.  
 
The micropipettes used had inner diameters of approximately 1.5 µm. The pressure 
drop rate of 1 Pa s 
-1 
and a total pressure drop of 100 Pa was applied to aspirate and 
deform each iRBC.  The cell membrane change was monitored using 100X oil 
immersion objective coupled with a 1.6X magnifier. Sequences of images were 
recorded using a QColor5 High Resolution Color CCD Digital Fire Wire Camera 




(Olympus) and processed by QCapture Pro. 6.0 (Olympus). An image of the 
micropipette aspiration is shown in Figure 3.7. 
 
 
Figure 3.7. Micropipette aspiration of a trophozoite stage malaria infected RBC. 
 
3.2 Probing the cytoadherence of iRBCs to CD36 under shear flow 
3.2.1 Sample and experiment setup preparation 
Synchronized malaria cell culture parasitemia was calculated and fresh RBCs were 








3.2.2 Probing number of iRBCs to CD36 coated channel under shear flow  
In our experiments, the applied pressure was increased from 0.1 Pa to 1.5 Pa and 
decreased back to 0.1 Pa. The exact values used are0.1 Pa, 0.3 Pa, 0.5 Pa, 0.7 Pa, 1 Pa, 
1.2 Pa and 1.5 Pa. At each pressure, the shear stress was maintained for 5 min in order 
to achieve steady-state flow before capturing five images from different fields of view 
using a 20X objective. Based on these pictures, the number of cells adhering to the 
surface of the channel was calculated and the resultant detachment curves were 
plotted as functions of the shear rate. Each experiment was repeated more than three 
times for each parasitic stage as well as different concentrations of CD36 coat. 
 
3.2.3 Statistical analysis 
Box charts were used for data presentation. Analyses of multiple groups were 
performed with one-way ANOVA and Tukey’s test. Student t-test was used for the 
comparison of two groups. The level of significance was calculated with p value less 
than 0.05. 
 
3.3 Bistability model 
To fit experimental data, a mathematical model recently-developed by Efremov and 
Cao (Efremov and Cao 2011) was utilized. In this stochastic model a cell interacting 
with adhesion proteins on blood-vessel walls is represented by a sphere (with radius r) 
which rolls on a planar surface under the load F and torque M created by the shear 








Figure 3.8. Mathematical model of cell adhesion in shear flow (Efremov and Cao 
2011). An iRBC rolling on the CD36 coated surface is shown. Media flow 
characterized by the shear rate (S) generates a force (F) and torque (M) on the cell. 
These force and torque are balanced by the bonds tension (Q) in the rupture area and 
the normal reaction (P) acting on the cell so that the cell is in mechanical 
quasi-equilibrium at every instant. The bond tension determines the average bond 
lifetime (τ) in the rupture area, which in turn is closely connected to the average 
velocity of the cell (v ≈ c/τ, where c is the rupture area size). Reprinted with 
permission from Elsevier. 
 
As the cell rolls, new bonds between the cell and the surface are continuously formed 
in the contact area, which is characterized by the mean width a. Previously formed 




bonds concurrently rupture at the trailing edge of the contact area due to the tension 
Qtot generated by the load F and torque M. This region is termed rupture area 
(Efremov and Cao 2011) and is characterized by its size c. By solving hydrodynamic 
and the force balance equations of the cell motion, one can establish a relationship 
between the shear stress of the flow S and the rupture force Qtot acting on the bonds in 
the rupture area. In addition, given the rupture force and the unstressed kinetic rates of 
adhesion proteins for bonds formation (k+) and dissociation (koff), one can estimate the 
average concentration and lifetime of adhesion bonds in the rupture area. The average 
rolling velocity of the cell (v) can subsequently be obtained. The resulting equation 
between the shear stress and the cell velocity (eq. 12 in the Efremov and Cao’s paper 
(Efremov and Cao 2011)) shows that cell adhesion is a bistable process possessing a 
hysteresis loop (see Figure 3.9A). The shear stress-velocity hysteresis loop leads to 
another hysteresis loop of shear stress-normalized number of attached cells (see 
Figure 3.9B), which can be measured in the flow experiments. 
 
 





Figure 3.9. Cell adhesion bistability in shear flow (Efremov and Cao 2011).  (A) A 
stochastic model from ref. (Efremov and Cao 2011) predicts that cell adhesion is a 
bistable process in shear flow which manifests itself as a hysteresis loop in shear 
stress-velocity coordinates.  (B) The shear stress-velocity hysteresis loop results in 
an attached cells-shear rate loop, which can be measured experimentally using flow 
based adhesion assay developed in this paper. Reprinted with permission from 
Elsevier. 
 
Thus, experimentally measuring (i) the shear stress-normalized number of attached 
cell hysteresis loop of iRBCs attached to the CD36 coated channel at different 
parasite development stages, (ii) the shear rate, S, (iii) medium viscosity, η, (iv) cells 
average radius, r, (v) contact area width distribution, a ± δa, (vi) unstrained bonds 
rupture rate koff and binding potential width x
#
 , and then using these numbers as input 
parameters for the stochastic model, we determined how relevant adhesion properties 
of iRBCs (namely the average rupture area size c and receptors diffusive binding rate 




k+) change at different stages of the parasite maturation. 
 
3.4 Results and discussions 
3.4.1 Effect of membrane dye FM
®
 1-43 on iRBC deformability 
In order to study the effect of membrane dye FM
®
 1-43 on infected RBC 
deformability, the micropipette aspiration experiment was carried to measure the 
membrane shear modulus of iRBCs stained with membrane dye FM
®
 1-43 and iRBCs. 
The result is shown in Figure 3.10.When using two-sample student-t test, we found 
that there were no significant differences when comparing both stages of stained 
iRBCs with their control groups.  As such, the elastic shear moduli of the iRBCs at 
both the trophozoite stage and the schizont stage did not change when stained with 
FM
®
 1-43 dye (Invitrogen). 
 





Figure 3.10. Measurements of elastic shear modulus of iRBCs using micropipette 
aspiration. Box plot of the elastic shear moduli of iRBCs at the trophozoite stage and 
the schizont stage when stained FM
®
 1-43 dye (Invitrogen). Unstained iRBCs served 










 percentiles, respectively. There is no statistical difference (p> 0.05) 
between the same stage cells with and without staining, which indicates that staining 
with the FM
®
 1-43 dye does not change the deformability of the cell. 
 
3.4.2 Contact area measurement 
Recently reported mathematical models of cell adhesion suggest that the strength of 
cell adhesion can strongly depend on the size of the contact area between a cell and 
the surface with which it interacts. Thus, characterization of iRBCs interaction with 




the CD36 coated surface at different stages of parasite development requires 
knowledge about the size of the contact area at these stages. To measure it, we 
performed a TIRF-based assay at different shear stresses for iRBCs at the trophozoite 
and the schizont stages. Experimental results show that the average contact area at the 
trophozoite stage (25.36±6.24 µm
2
) is larger than the average contact area at the 
schizont stage (21.20 ± 5.55 µm
2
) (see Figure 3.11), and in both cases, it is weakly 
dependent on the flow shear stress (see Figure3.11A and 3.11B).  






Figure 3.11. Measurements of contact area of iRBCs flowing through CD36 coated 
channel using TIRF. (A) Box plot of the contact area of iRBCs at the trophozoite 




stage flowing through the CD36 coated channel at different shear stresses. The bottom 




 percentiles of the population, respectively, 




 percentiles, respectively. (B) 
The same as that in panel A only for iRBCs at the schizont stage. There is no 
significant difference among groups, where shear stress larger than 0.3 Pa. (C)The 
same as in panel A for contact area of iRBC at the trophozoite stage and the schizont 
stage at shear stress larger than 0.3 Pa. * indicates significant difference at p < 0.05. 
 
Firstly, from statistical analysis for shear stress larger than 0.3 Pa, the contact areas 
are not significantly different at the trophozoite or schizont stage (p> 0.05), whereas 
at 0.1 Pa, the mean of contact area is significantly different when compared to higher 
shear stress at both the trophozoite and the schizont stages. This is because when 
iRBCs flow in the microfluidic channel, the 0.1 Pa shear stress is not high enough to 
cause any appreciable deformation between the two iRBC stages. When shear stress is 
larger than 0.3 Pa, the trophozoite stage iRBCs which are more deformable than the 
schizont stage iRBCs, the contact area increases, but remains relatively constant with 
further increase of the shear stress. At the schizont stage, the contact area decreased at 
0.3 Pa, but remained relatively constant at higher shear stresses. Since the average 
contact area did not change much for shear stresses larger than 0.3 Pa at both the 
schizont and the trophozoite stages, we assumed that it is constant in our model. 
Secondly, comparing the trophozoite stage and the schizont stage for contact area at 
shear stresses larger than 0.3 Pa, the p-values were smaller than 0.05, which means 




they were significantly different (Figure 5C). Both of these observations agree well 
with existing experimental and theoretical data: due to the growing parasites inside 
the iRBCs, their volume to surface ratio increased with time to the one of a sphere. As 
a result, effective deformability of iRBCs decreases as they enter into the late stages 
of parasite development since cells with higher volume to surface ratio are generally 
less deformable (Shelby et al. 2003). According to the existing mathematical models 
of cell adhesion (Jadhav et al. 2005), the cell-surface contact area becomes smaller as 
the cell deformability decreases. Additionally, dependence of the contact area on the 
flow shear rate weakens with decreasing cell deformability. Since the stiffness of 
iRBCs at the schizont stage is higher than that at the trophozoite stage, our results 
(shown on Figure 3.11A and B) qualitatively agree with these theoretical predictions.  
 
3.4.3 PfEMP1-CD36 bonds dissociation rate 
To reduce the number of unknown variables in our model, we measured the 
unstrained detachment rate and compliance of PfEMP1-CD36 bonds using the same 
AFM setup as in Li at al. (Li et al. 2011) . Since the flow experiments we performed 
were at room temperature, the AFM measurements were also carried out at room 
temperature in order to be consistent with the flow experiments. Resulting force 
spectrum is shown in Figure 6.  





Figure 3.12. Force spectrum and the extrapolated kinetic parameter of CD36-iRBCs 
bonds at room temperature. Mean rupture forces within each binned window of 
loading rates were used as pooled measures to fit to the Bell-Evan’s model for the 
characteristic dynamic force spectra reconstruction. 
 
The Bell-Evans’ model (Bell 1978),  (Evans 2001) fitting to this spectrum gives the 
unstrained mean dissociation  rate, koff = 0.0707 s
-1
 , and the bonds compliance, x
#
 = 
0.43 nm.  
 
3.4.4 Flow experiments 
In order to check the model prediction of cell adhesion bistability in shear flow 
(Efremov and Cao 2011), we counted the number of iRBCs attached to the CD36 
coated surface at different shear stresses. The latter was changed in increasing and 
decreasing step-wise manner from 0.1 Pa to 5 Pa and 5 Pa to 0.1 Pa, respectively, 




because cell adhesion model (Efremov and Cao 2011) suggests that the cell adhesion 
bistability would result in a different behavior of the shear stress-number of attached 
cell curves measured within these two increasing and decreasing shear stress regions. 
The cell adhesion bistability can be interpreted as a system memory about past actions, 
which leads to an appearance of a hysteresis loop between the two curves mentioned 
above. Indeed, flow experiments performed on the trophozoite stage iRBCs at two 
different concentrations of CD36 (20 and 50 µg/ml) as well as on the schizont stage 
iRBCs (at CD36 concentration of 50 µg/ml) showed presence of such a hysteresis 
loop, see Figure3.13A-C. Thus, our experimental results confirm the theoretical 
prediction of the iRBC cytoadhesion bistability in shear flow. As can be seen from 
Figure 3.13A and B, at a higher concentration of CD36 receptors on the flow channel 
surface, the hysteresis loop was larger and adherent trophozoite iRBCs could 
withstand larger flow shear stresses (when the shear stress was increased from a small 
value to a high one), which is not surprising since the higher concentration of CD36 
leads to generation of a larger number of bonds between iRBCs and the CD36 coated 
surface. But what is unusual in these results is how the hysteresis loop and iRBCs 
adhesion strength changes from the trophozoite to the schizont stage. From existing 
experimental data, it is known that the surface concentration of knobs, special protein 
clusters on the surface of iRBCs that mediate iRBC cytoadhesion, in the schizont 
stage is ~ 1.4 times higher than in the trophozoite stage (~ 7 knobs per µm
2
 in the 
schizont stage and ~ 5 knobs per µm
2
 in the trophozoite stage) (Li et al. 2006). Thus, 
one would expect that the strength of iRBCs adhesion in the schizont stage is higher 




than that in the trophozoite stage. However, our experimental data suggests that this is 
not the case – at the same concentration of CD36 the hysteresis loop in the 
trophozoite stage is larger than that in the schizont stage suggesting that iRBCs 
attached to the CD36 coated surface of the flow chamber more strongly in the 
trophozoite stage than in the schizont stage (see Figure 3.13B and C). This effect can 
be explained by a smaller contact area at the schizont stage since the average contact 
area at the trophozoite and schizont stages in Figure 3.11A and B are significantly 
different at shear stresses larger than 0.3 Pa (See Figure 3.11C).  
 
3.4.5 Fitting of experimental data with bistability model 
To gain further insights into the iRBC adhesion process and to find the mechanism 
leading to the decrease of the iRBCs adhesion strength in the schizont stage (i.e. the 
hysteresis loop area is smaller compared to the trophozoite stage at the same protein 
concentration), we fitted the experimental data depicted on Figure 3.13A-C using the 
bistability model (Efremov and Cao 2011).  





Figure 3.13. Experimental observation of the cytoadhesion hysteresis. (A-C) 
Experimental data points and their theoretical fitting are shown. (A) and (B) depict 
experimental / theoretical results which were obtained for iRBCs at the trophozoite 




stage flowing through the channel coated with CD36 at concentrations of 20 and 50 
µg/ml, respectively (C) shows the results for  iRBCs at the schizont stage flowing 
through the channel coated with CD36 at concentration of 50 µg/ml. 
 
Experimentally measured model parameters (such as the average radius of iRBCs, 
average contact area and its standard deviation, relative CD36 receptors surface 
concentration (protein concentration used for microfluidic channel incubation), media 
viscosity (η = 1.5 mPa.s), bonds unstrained detachment rate and compliance, etc.) are 
treated as constants in the model. As mentioned in the TIRF measurement of cell 
contact area, the 20% decrease in contact area at the schizont stage might contribute 
to the decrease in adhesion strength. Whereas, remaining four unknown model 
parameters (CD36 receptors absolute surface concentration (numbers of proteins on 
the microfluidic channel), diffusive binding rate of adhesion proteins (k+), rupture area 
size (c) and the average number of PfEMP1s per single knob (N)) were adjusted to 
achieve the best fit (Table 3.1). As can be seen from Figure 3.13A-C, the resulting 











Table 3.1.Values of the parameters used in Figure 3.13 model fitting. 
 
Parameter Unit Figure A Figure B Figure C 
a, Length of the contact area m 5.0±2.2 5.0±2.2 4.5±2.3 
b, Width of the contact area m 5.0±2.2 5.0±2.2 4.5±2.3 
c, Length of the rupture area nm 300 300 140 
r, Cell radius m 4 4 4 
Size of the gap between the cell 
and the cover slip 
nm 50 50 50 
x
#
, Binding potential width nm 0.43 0.43 0.43 
PfEMP1 density
 m-2 35 35 50 
CD36 density
 m-2 20 50 50 
Viscosity Pa × s 0.0015 0.0015 0.0015 
T, Temperature K 300 300 300 
k+, Receptors diffusive binding rate
 
m-2 0.06 0.06 0.15 
koff, Dissociation rate s
-1
 0.07 0.07 0.07 
kon, Association rate in the cluster s
-1
 10 10 10 
N, Proteins cluster size  7 7 7 
 
The fitting of our experimental data with the model suggests that the average number 
of PfEMP1 per single knob does not change much from trophozoite to schizont stage 
and remains in the range of N = 6-8. It should be noted that the amount of knobs on 
the surface of iRBCs measured in experiments (Li et al. 2006) increases by ~ 40 % as 
well as the total number of PfEMP1 receptors from the trophozoite to the schizont 
stage, as mentioned before. Thus according to our analysis, newly synthesized 




PfEMP1 tends to form new knobs on the iRBCs surface rather than to incorporate in 
old ones. However, an alternative explanation is also possible: PfEMP1 receptors may 
form large clusters on the knobs, but due to their high local concentration, only 6-8 of 
these receptors on each knob were able to find binding partners on the surface of the 
flow channel. In any case, the average number of the receptors interacting with the 
CD36 coated surface per single knob did not seem to be the main factor responsible 
for the decrease in the schizont iRBCs adhesion strength because it had the same 
value in the trophozoite and schizont stages. 
 
As for the remaining two model parameters, the diffusive binding rate of the adhesion 
proteins (k+) and rupture area size (c), the model showed that k+ increases 2.5 times 
(from 0.06 to 0.15 µm
2
/s), whereas, c decreased ~ 2 times (from 300 to 140 nm) 
during iRBCs transition from the trophozoite to the schizont stage. These theoretical 
results were consistent with existing experimental data. Recently it was shown that 
the spectrin network of iRBCs degrades significantly in the schizont stage 
(Millholland et al. 2011), and from experiments it was known that membrane 
receptors interacting with underlying cytoskeletal network decreases their mobility, 
see for example (Cairo et al. 2006). Thus, the more degraded the spectrin network is, 
the more diffusive are membrane receptors on the iRBC surface, and the faster they 
bind to their ligands. This explains higher receptor binding rate, k+, in the schizont 
stage. On the other hand, at the schizont stage, the network degradation led to less 
efficient mechano-transduction of the rupture load, Qtot, acting in the rupture area to 




other PfEMP1 receptors. Therefore at the schizont stage, the bonds in the rupture area 
feel the rupture load, and they are “isolated” due to the degradation of spectrin 
network, once reach the breaking point, the bonds break together, form a smaller 
rupture area. Whereas for the trophozoite stage cell, firstly the bonds in the rupture 
area feel the rupture load, but instead of breaking immediately, they transfer the load 
to the nearby bonds, due to the better connected network. Larger area shares the 
rupture load, leads to larger rupture area.  Moreover, the considerably smaller 
contact area might also be the cause of smaller rupture area at the schizont stage.  As 
a result, the effective size of the rupture area, c, in the schizont stage is smaller. From 
these observations, it follows that the strength of iRBCs cytoadhesion is strongly 
dependent on the rupture area size since neither increased amount of adhesion 
proteins on the iRBCs surface nor their increased binding rate could compensate 
approximately 2 times decrease of the rupture area in the schizont stage. Indeed, the 
size of the rupture area determines how many adhesion bonds share the load Qtot. The 
higher this number, the smaller is the average force, Q, acting on each bond in the 
rupture area and the larger is the average lifetime, τ, of each bond. According to the 






k B T τ, where x# is the binding potential width. Thus, even a small decrease of 
the rupture area size can lead to a considerable decrease in the cell adhesion strength. 
With the combined theoretical and experimental studies of cell adhesion under shear 
flow, we found that the main contributing factors for the change in adhesion strength 
during parasite maturation are the contact area and the size of the rupture area. 




Although this is limited to the in vitro study of cell protein interactions, it allows us to 
investigate the binding kinetics of iRBCs to any selected endothelial receptor under 
shear flow.  It can potentially be used to study the efficacy of malaria therapeutics 
targeting at cytoadhesion. Further research on the flow experimental design and 
theoretical model will be needed to enable us to better bridge our in vitro study to that 
of in vivo physiological condition.  
 
3.5 Limitations 
This work quantitatively characterized the dynamic binding kinetics of iRBCs under 
shear flow using a mathematical bistability model. It explored different geometrical 
and physicochemical parameters affecting the binding strength of iRBCs under flow. 
However, there are two major limitations for this study which combined experimental 
and theoretical approaches. One is the limitation in mimicking in vivo flow condition 
and the other one is the simplicity of the mathematical model where the solid sphere 
used in the model does not include the complex iRBC shape and biomechanical 
properties, such as cell viscosity and membrane elasticity. As described in the flow 
experiment, the parasitemia and hematocrit were around 3% and 1%, respectively. 
This may not accurately represent in vivo iRBC binding as the blood hematocrit is 
around 50% in human blood circulation. However, if such 50% hematocrit is applied 
in the study, cell margination (Hou et al. 2010) and cell-cell collision could give rise 
to a more complex binding behavior. Additionally, the bistability model simplified 
iRBC as a solid sphere and did not consider cell viscosity, membrane elasticity and 




the effect of parasite inside the host cell. Although we measured the contact area as 
the lump sum effect of those parameters, in the model, the force and torque acted on 
the sphere does not totally represent the force and torque act in each iRBC under 
shear flow. The bistability model may need some modification to be valid in soft cell 
study. In our study, our experimental data fitted the model well and explained 
important parameters played in iRBC binding process under flow. Thus we did not 
introduce any modification in the model. In the future, if cell collision or substrate 
endothelial cells are needed to be employed in the flow system to mimic better in vivo 
flow condition, the bistability model may need to introduce more parameters to better 
mimic the experimental design. 
 
3.6 Summary 
Here, we report an advanced microfluidic-flow based assay, which confirms the 
bistability of the cell adhesion in shear flow, theoretically predicted by a simple 
stochastic model (Efremov and Cao 2011). Using a combined 
experimental/theoretical approach, we found that the strength of iRBCs adhesion in 
the schizont stage is smaller than in the trophozoite stage despite the fact that the 
surface concentration of adhesion proteins and their binding rate to ligands are higher 
in the schizont stage. Further analysis allowed us to identify the main factor 
responsible for the decrease of adhesion strength – the rupture area size, which 
determines how many adhesion bonds share the rupture load generated by shear flow. 
To conclude, our advanced flow based assay when combined with the theoretical 




model of cell adhesion under shear flow can be a useful tool for detailed investigation 
of the iRBC adhesion process. 
  




Chapter 4 Effects on Cytoadherence of P. 
falciparum iRBCs after Chloroquine Treatment  
Chloroquine (7-chloro-4-(4-diethylamino-1-methylbuthylamino) quinoline) has been 
used for malaria treatment since the 1940s. Its efficient, safe, stable, low cost 
properties made chloroquine the most popular synthetic anti-malarial drug at that time 
(Slater 1993). However, the massive use of chloroquine generated an intensive 
selection pressure on worldwide malaria in the 1950s and the resistance to 
chloroquine was first found in South America in 1956. Thereafter, chloroquine 
resistance made its way to Africa, resulting in Malawi being the first country to 
abandon chloroquine as a treatment for malaria in 1993. (Laufer et al. 2006; Slater 
1993) 
 
When the use of chloroquine is reduced or abolished in a region for long period, the 
chloroquine sensitive malaria may appear again. It was reported to return to Malawi 
after more than 10 years of chloroquine-free natural selection (Laufer et al. 2006). 
This phenomenon could also happen to other regions where chloroquine has been 
stopped as a monotherapy for many years. If this happens, are we prepared for its 
return? 
 
As chloroquine is an old drug used to treat malaria, its mechanism of action has been 
extensively studied (Slater 1993). The food vacuole of P. falciparum iRBC was 




observed to swell and vesiculate soon after exposed to chloroquine (Langreth et al. 
1978). Interestingly, chloroquine accumulates more inside an iRBC than an uninfected 
RBC. The mechanism of this selective accumulation could be due to the fact that the 
drug binds to a specific receptor, heme, in an infected cell. However, a parasite does 
not contain enough free heme for chloroquine to bind with and even if it does, the 
concentration of heme would be lethal (Ginsburg and Geary 1987). Therefore, the 
binding theory can not completely explain the amount of chloroquine accumulation in 
iRBCs. Alternatively, an acid-base theory postulates that the membrane is permeable 
to chloroquine since it is a weak base (Homewood et al. 1972). Consequently, when 
chloroquine enters the acidic environment of the iRBC, the drug is immediately 
protonated and then converted to a membrane impermeable form that accumulates 
inside the iRBC (de Duve et al. 1974). 
 
Despite the extensive biochemical studies conducted, there is still a lack of 
understanding of the biomechanical effects of chloroquine on iRBCs. In this chapter, 
we focused on the biomechanical effects of chloroquine on iRBCs under flow. We 
investigated the changes in cytoadherence of iRBCs after chloroquine treatment and 








4.1 Chloroquine treatment of iRBCs to CD36 coated channel under microfluidic 
flow 
4.1.1 Sample and experiment setup preparation 
a. iRBC culture 
The same 3D7 strain P. falciparum iRBCs were cultured as described in section 3.1.1. 
 
b. Enrichment of iRBCs 
The enrichment of iRBCs is similar to the procedure described in chapter 3. To attain 
a higher purity of enriched sample (approximately 100%), Super MACS
TM
 II 
separation set (Miltenyi Biotec) was employed instead of MidiMACS to enrich the 
early trophozoite stage iRBCs (as shown in Figure 4.1A). The set includes a LD 
column and a Super MACS
TM
 II separator. Rinsing was repeated more than five times 
before collecting the enriched early trophozoite stage iRBC for the following 
treatment (as shown in Figure 4.1B). 
 
     
Figure 4.1. Images of Giemsa smear of the early trophozoite stage of iRBC culture 




before and after Super MACS
TM
 II enrichment. (A) Giemsa smear before enrichment. 
(B) Giemsa smear after enrichment. 
 
c. Chloroquine treatment of enriched iRBCs 
1 μM of chloroquine diphosphate salt (Sigma-Aldrich) was used to treat malaria 
iRBCs. This concentration is near the chloroquine concentration in the plasma of a 
patient who was treated with chloroquine (Walker et al. 1983) and it was verified to 
inhibit parasites' development even after 4 hours drug treatment - as assessed by 
continuous in vitro culture and Giemsa staining 12 hours and 24 hours later. Parasites 
neither developed into schizont in the next 12 hours nor ring stages in the next 24 
hours. Enriched iRBCs were treated with 1 μM chloroquine under different time 
durations (4 hr, 8 hr and 24 hr). Enriched iRBCs without chloroquine treatment were 
used as control (0 hr). Chloroquine treated iRBCs were washed thrice with PBS 
before different biomechanical tests. 
 
d. Viability test of chloroquine treated iRBCs 
The viability of iRBCs before and after chloroquine treatment was examined using 
100X oil immersion objective on an optical microscope. The cells with moving 
parasites in parasitophorous vacuole were considered as viable (videos are not shown 
here). 
 




4.1.2 Flow of chloroquine treated iRBCs to CD36 coated channel under shear 
flow 
Microfluidic PDMS channel with width of 500 μm, depth of 20 μm and length of 1.5 
cm was prepared and coated with 100 μg/ml of CD36 as described in chapter 3. 
Chloroquine treated iRBCs were centrifuged to pellet and resuspended in malaria 
culture medium (MCM) such that the final parasitemia was diluted to 5% with 1% 
hematocrit. 
 
Continued cytoadherence of iRBCs after chloroquine treatment under shear flow was 
studied using previously described experimental design (section 3.1.2) where 
step-wise increasing and decreasing shear stresses were applied as the iRBCs flowed 
into endothelial receptor CD36 coated microfluidic channel. Each shear stress was 
applied for five minutes to reach steady-state flow. Number of cells adhered to the 
substrate were captured by taking images at five different viewing fields using a 20X 
objective. 
 
4.2 IRBC membrane deformability and sphericity measurement after 
chloroquine treatment 
4.2.1 Sample preparation 
Cell samples were prepared as described in section 4.1.2. 
The chloroquine treated sample (0 hr, 4 hr, 8 hr or 24 hr) was first washed and 




centrifuged. The pellet was subsequently collected and resuspended in 1% BSA 
solution in PBS at a ratio of 1:2000. 400-600 μl of the diluted culture was pipetted 
into a micropipette aspiration microscope cell holder (Figure 3.6) mounted on 
Olympus X71 microscope stage with masking tape as described in section 3.1.4. 
 
4.2.2 Cell membrane deformability and sphericity measurements 
Micropipette aspiration as described in section 2.2.4 and 3.1.4 was employed to 
measure the membrane shear modulus and sphericity of iRBCs after drug treatment 
under different time durations.  
 
4.3 Contact area of iRBC after chloroquine treatment under shear flow 
4.3.1 Sample preparation 
With the same staining method described in section 3.1.1, the enriched iRBCs were 
stained with FM
®
1-43 dye and resuspended into MCM to make the final flow cell to 
be 5% parasitemia with 1% hematocrit. 
4.3.2 Contact area measurement under TIRF 
As mentioned in chapter 3, TIRF experiments were carried out using Olympus IX71 
confocal microscope with 100X objective and 491 nm laser. FM
®
1-43 dye stained 
iRBCs were flowed through CD36 coated microfluidic channel at a fixed shear stress 
of 0.3 Pa.  The contact area of iRBCs bounded to the substrate were excited by the 
total reflected laser (section 2.2.3 and 3.1.3). 




4.4 IRBC surface morphology after chloroquine treatment 
4.4.1 Sample preparation 
MACS enriched iRBCs suspended in 3 ml MCM were collected for the study of iRBC 
surface morphology after chloroquine treatment. 500 μl of culture were aspirated out 
for a control study (without drug treatment) while the rest were treated with 1 μM of 
chloroquine for different time durations of 4 hr, 8 hr, 16 hr and 24 hr. After each 
treatment, 500 μl of enriched culture was aspirated out into an Eppendorf tube and 
washed thrice. After the final wash, the supernatant was removed using aspiration 
pipette. A thin blood smear was prepared by the washed pellet (around 3 μl). 
Subsequently, the smear was air-dried before utilizing it for AFM imaging. 
 
4.4.2 IRBC surface morphology measurement 
The AFM imaging was carried out using JPK NanoWizard® (JPK instruments) 
contact mode (air) with fresh silicon nitride AFM tip (model MSCT, Bruker) using tip 
C with nominal cantilever tip radius of 10 nm. 512 x 512 pixels images were scanned 
at a line rate of 1Hz. Different durations of drug treated samples were scanned and 









4.5 IRBC membrane skeleton after chloroquine treatment 
4.5.1 Sample preparation 
a. Cover slip preparation 
Firstly, round cover slips of 22 mm in diameter were rinsed in acetone for 5 min 
before rinsing in 50% methanol for 5 min. After air drying, the cover slips were sent 
for plasma treatment for 10 minutes. They were subsequently incubated in 
(3-aminopropyl) triethoxysilane (APTES) (Sigma) solution (2% APTES, 5% Milli-Q 
water in acetone) for 3 min and rinsed twice in acetone for 5 min. Finally, the cover 
slips were rinsed once in Milli-Q water before rinsing with 1x PBS. The 
APTES-treated cover slips were then incubated with 0.5 mg/ml 
bis(sulfosuccinimidyl)suberate (BS3) (Pierce) for 30 min before washing with PBS. 
The BS3 crosslinker was used to link two NH2 ends: one from APTES and the other 
from Phaseolus vulgaris lectin E (PHA-E) (EY laboratories), which is used to 
immobilize iRBCs. Incubation of 0.1 mg/ml PHA-E took more than 1.5 hours and 
was subsequently followed by rinsing thrice in PBS. Lastly, the cover slips were 
incubated with 0.1% glycine for 30 min to block any non-reacted functional group 
followed by washing thrice in PBS. The PHA-E coated cover slips were then stored at 
4°C to be used within 2 weeks. 
 
b. Cytoplasmic-surface-exposed samples preparation 
MACS enriched iRBCs, with a parasitemia close to 90%, were used to prepare 




cytoplasmic-surface-exposed samples as described in literature (Shi hui 2013, 2009). 
The highly synchronized and enriched iRBCs were incubated on the PHA-E treated 
cover slips for 4 hours. Long incubation time is necessary to allow sufficient contact 
time for iRBCs to adhere to the substrate and avoid whole cell detachment in the 
shear washing step. Chloroquine treated samples (4 hr, 8 hr, 16 hr, and 24 hr) were 
first washed thrice and immersed in MCM before loading on PHA-E coated cover slip 
(Figure 4.2 A). 80 ml of 5P8-10 buffer (5 mM Na2HPO4/NaH2PO4, and 10 mM 
NaCl, pH8.0) was used to shear wash the iRBCs adhered to PHA-E coated cover slips 
at an angle of around 20
o
 by syringe (Figure 4.2 B). The 
cytoplasmic-surface-exposed-samples were checked under phase contrast microscope 
(Olympus X71) (Figure 4.2 D) and then vacuum dried before imaging using AFM.  
 
  
Figure 4.2. Cytoplasmic-surface-exposed membrane preparation process. A. MACs 




enriched iRBCs adhered to a PHA-E coated cover slip. B. Shear washing of adhered 
iRBCs using the 5P8 – 10 buffer at a angle of around 20o by syringe. C. Cytoplasmic 
– surface – exposed membrane remained on the cover slip after shear washing. D. 
Phase contrast imaging of iRBC cytoplasmic-surface-exposed-samples. 
 
4.5.2 iRBC membrane skeleton measurement 
The iRBC cytoplasmic-surface-exposed-samples AFM imaging was carried on JPK 
Nanowizard
®
 AFM with tapping mode (air) using SSS-NCHR AFM tip 
(NANOSENSORS
TM
) with tip radius of 2 nm, and Dimension FastScan
TM
 Atomic 
Force Microscope (Bruker) using Fast Scan AFM tip with tip radius of 5 nm. 
 
4.6 Results and discussions 
4.6.1 Chloroquine treatment of iRBC to CD36 coated channel under 
microfluidic flow 
IRBCs from different duration of chloroquine treatment were used to conduct flow 
assays at 37°C similar to that described in chapter 3. By step-wise increasing and 
decreasing the shear stresses, the number of cells bound to the substrate at the region 
of interest (ROI) was recorded and normalized. As shown in Figure 4.3 (A-C), the 
area of the hysteresis loop decreases with the increase of the drug incubation time. 
The hysteresis loop area represents the binding strength, whereby the larger area 
indicates stronger binding strength. Thus, as shown in Figure 4.3 (A-C), with longer 




durations of drug treatments, the binding strength becomes weaker.   
 




Figure 4.3. Normalized number of iRBCs bounded to CD36 coated microfluidic 
channel with step-wise changing of shear stresses. Blue curves are different durations 
of chloroquine treatment and red curves are the control group without chloroquine 
treatment. Chloroquine treatment for (A) 4 hours (B) 8 hours and (C) 24 hours. 
 
4.6.2 Effects of chloroquine on membrane morphology 
The flow assay of chloroquine treated iRBCs in CD36 coated microfluidic channel 
showed decreased binding strength with increased duration of treatment. As discussed 
in chapter 3, the binding strength under flow condition depends on the contact area 
and protein density. The contact area is the area where the binding event happens 
under shear flow and it was measured using TIRF microscopy. The protein density 
refers to the PfEMP1 ligand density because a saturated coat of receptor protein CD36 
was applied in this study. Thus, in the following part of this chapter, our study focused 
on how protein density and contact area were altered after chloroquine treatment. 
 
Considering different variants of PfEMP1 expressed, there is no specific antigen that 
targets the outer domain of this protein. Thus it was not applicable to quantitatively 
study PfEMP1 levels on iRBCs using flow cytometry as the monoclonal antibody to 
PfEMP1 outer domain does not exist (Hughes et al. 2010). However, Crabb B. S. et al 
and Rug M. et al investigated the knob protrusion on iRBCs surface and showed that 
those knobs were important for efficient adhesion under flow whereas knobless 
iRBCs did not bind well under flow condition (Crabb et al. 1997; Rug et al. 2006). In 




this study, an indirect way of monitoring PfEMP1 after chloroquine treatment was 
applied instead of immunofluorescence staining. We used AFM microscopy to 
investigate the knob distribution, size and height on the surface of iRBC after 
chloroquine treatment. 
 
AFM images of different hours of chloroquine treated trophozoite stage iRBCs were 
consistent with the previous study (Li et al. 2006) in which knobs were found on the 
surface of iRBCs. As shown in Figure 4.4, the surface morphology of a trophozoite 
stage iRBC after 24 hr 1 μM chloroquine treatment shows several knob-like structures. 
With higher magnification image, the knob size and knob height were measured. 









Figure 4.4. An AFM image of a P. falciparum iRBC (trophozoite stage) after 1 μM 
chloroquine treated for 24 hours. 
 





Figure 4.5. Height AFM image (A) of knobs on P. falciparum iRBC surface. Knob 
diameter and height (B) were measured using JPK data processing software with a 
cross-section of a knob in height AFM image. 
 
A total of 11 iRBCs with 1 μM chloroquine treatment for 24 hours and 10 control 
iRBCs without chloroquine treatment were scanned and analyzed using JPK data 
processing software. Qualitative analysis of knob density, knob size and knob height 
for iRBC and 24 hr chloroquine treated iRBC were shown in Figure 4.6 (A-C).  





Figure 4.6. Qualitative analysis of knobs on the P. falciparum iRBC. 0 hr is the 
control without chloroquine treatment, 24 hr is the group of iRBCs treated with 1 μM 
chloroquine for 24 hours. (A) Density of knobs on the iRBC surface. (B) Diameter of 
knobs. (C) Height of knobs. Error bar is the standard deviation.  




Quantitative analysis of knobs on iRBC after 24 hours chloroquine treatment did not 
show any significant change as compared to the control group of iRBCs at trophozoite 
stage without chloroquine treatment. It was assumed that the expression of PfEMP1 is 
correlated with the knobs, whereby higher knob density reflects higher protein 
expression level (Joergensen et al. 2010). Hence, our AFM results demonstrated that 
chloroquine treatment did not alter the amount of PfEMP1 expressed on iRBCs.  
 
4.6.3 Effects of chloroquine on cell deformability and sphericity 
The change in contact area is related to the change in cell stiffness and sphericity, thus 
we examined the membrane shear modulus and sphericity using the micropipette 
aspiration technique, as shown in Figure 4.7 and Figure 4.8.  





Figure 4.7. Membrane shear modulus of iRBC under different durations of 
chloroquine treatment. A significant increase in shear modulus was observed after 8 
hours of 1 μM chloroquine treatment (*p<0.05, **p<0.005). 
 





Figure 4.8. Sphericity of iRBC under different durations of chloroquine treatment. A 
significant increase in sphericity was observed after 8 hours of 1 μM chloroquine 
treatment (**p<0.005). 
 
The elastic shear moduli of iRBCs measured after 4 hr, 8 hr, 16 hr and 24 hr 
chloroquine treatment were13.37±6.67 μN/m, 14.59±4.89 μN/m, 20.14±5.89 μN/m 
and 23.21±12.22 μN/m, respectively. Compared with the iRBCs without chloroquine 
treatment, which was 11.19±4.59 μN/m, 4 hr 1 μM chloroquine treatment did not 
result in any significant changes to the membrane shear modulus. Chloroquine 
treatment for more than 8 hr, however, caused a significant increase in the membrane 
shear modulus (p < 0.0005) (Figure 4.7). 




The sphericity of iRBCs measured after different 1 M chloroquine treatment 
durations were shown in Figure 4.8. The sphericity increased significantly under 8 hr 
chloroquine treatment as compared to the control group where the sphericity of iRBCs 
were measured without chloroquine treatment (0 hr). The result was consistent with 
the membrane shear modulus measurement. Both changes may together affect the 
binding area when iRBCs were flowed into the CD36 coated microfluidic channel.   
 
As shown in both membrane shear modulus and sphericity study (Figure 4.7 and 
Figure 4.8), significant changes were not observed after 4 hours treatment, but were 
found after 8 hours and even longer durations of chloroquine treatment. To further 
explore whether these changes were purely due to long durations of chloroquine 
incubation after the iRBCs were killed within the first few hours or the death of 
iRBCs or both which led to the mechanical change of iRBCs, two more sets of control 
micropipette experiments were carried out. Enriched iRBCs were incubated with 1 
M chloroquine for 4 hours and then washed with MCM thrice. The washed iRBCs 
were resuspended into MCM and then cultured in malaria culture incubator under 
different time durations. 
 
The results for both control experiments were shown in Figure 4.9 and Figure 4.10. 





Figure 4.9. Membrane shear modulus of iRBCs. IRBCs were enriched at 0 hr and 
then treated with 1 M chloroquine for 4 hr. At 4 hr, iRBCs were washed and then 
continuously cultured till 8 hr, 16 hr and 24 hr after the drug treatment. 




Figure 4.10. Sphericity of iRBCs. IRBCs were enriched at 0 hr and then treated with 
1 M chloroquine for 4 hr. At 4 hr, iRBCs were washed and then continuously 
cultured till 8 hr, 16 hr and 24 hr after the drug treatment. 
 
When the chloroquine was washed out at 4 hr, the iRBCs were all dead (as observed 
under 100X objective microscope). Those drug free dead iRBCs were continuously 
cultured till 8 hr, 16 hr and 24 hr but did not shown decrease in the membrane share 
modulus or increase in the sphericity as shown in Figure 4.9 and Figure 4.10 (No 
significant difference was observed at 8 hr, 16 hr and 24 hr at the level p < 0.05). 
Therefore, we may conclude that the decrease in membrane shear modulus (or 
increase in iRBC stiffness) and increase in sphericity were mainly induced by the long 




term chloroquine incubation. The death of iRBC did not cause any mechanical change 
to the iRBC itself.  
 
4.6.4 Effects of chloroquine on contact area using TIRF 
The contact area of chloroquine treated iRBC under flow was measured using TIRF. 
iRBCs were stained with FM
®
1-43 fluorescent dye. The staining was first verified 
under epi-fluorecence microscopy as described in chapter 2. Then, the iRBCs were 
flowed through CD36 coated substrate. In the ROI, the area of the iRBCs bounded to 
the substrate was excited by an evanescent field generated by total internal reflection 
of the laser. The measured contact areas of different duration of chloroquine treated 
iRBCs under flow at shear stress of 0.1 Pa are shown in Figure 4.11. 
 
 





Figure 4.11. Contact area of 1 μM chloroquine-treated iRBC to CD36 coated 
microfluidic channel measured by TIRF.  
 
The contact area measured without chloroquine treatment is 33.03±6.10 μm2. After 4 
hr 1 μM chloroquine treatment, the contact area under flow was 33.75±4.77 μm2. 
There is no significant difference compared to iRBCs without chloroquine treatment. 
However, after 8 hr 1 μM chloroquine treatment, the contact area decreased to 
26.63±5.31μm2, this difference became significant with p<0.005. After 16 hr and 24 
hr 1 μM chloroquine treatment, the contact area under flow was 26.80±5.55 μm2 and 
24.50±3.90 μm2, respectively. Using two-sample t-test, both of them were 
significantly different from the samples without chloroquine treatment with p<0.0005. 




4.6.5 Effects of chloroquine on membrane skeleton 
Previous results have already demonstrated how continuous long term chloroquine 
treatment caused a change in deformability and sphericity of iRBCs, thus decreased 
the contact area during flow. Consequently, there was a resultant decrease in binding 
strength of the cell under flow. To investigate how chloroquine resulted in stiffening 
of iRBC and increasing in sphericity, the iRBC membrane skeleton network was 
measured. 
 
The cytoplasmic iRBC sample was prepared as described in sample preparation 
section 4.5.1. The vacuum-dried sample was scanned using AFM. An image of 
chloroquine treated iRBC’s cytoplasmic membrane skeleton network was shown in 
Figure 4.12. A large elliptical hole was observed in the AFM image. It could 
potentially be the location of the parasite food vacuole before shear washing. During 
shear washing, the upper part of iRBC membrane not in contact with the PHA-E 
substrate was washed off together with the parasite food vacuole. Since the food 
vacuole was attached to the lower part of the membrane, the shear force acting on the 
food vacuole may result in the detachment of adjacent cytoskeleton membrane, 
resulting in the elliptical hole on the whole cell cytoskeleton AFM image (Figure 
4.12).    





Figure 4.12. A 3-D view of P. falciparum iRBC cytoskeleton network. 
 
 
Figure 4.13. Higher magnification of 3-D view of P. falciparum iRBC. 
 
With higher magnification, a 3-D 1 μm x 1 μm AFM image of part of the cytoskeleton 




was obtained as shown in Figure 4.13. Information on spectrin network such as 
spectrin length of the network was obtained from the magnified image as illustrated in 
Figure 4.14. 
 
Figure 4.14. Spectrin length of P. falciparum iRBC membrane cytoskeleton after 24 
hr 1 μM chloroquine treatment. Error bar is the standard deviation.  
 
The average spectrin length of the trophozoite stage iRBC was 59.35±8.11 nm, which 
is consistent with previous findings (Shi et al. 2013). After 24 hr 1 μM chloroquine 
treatment, the measured spectrin length elongated up to 92.20±8.17 nm. The 
spring-like spectrin was initially at the relaxed state. After chloroquine treatment, the 
reaction between chloroquine and heme generated oxidative stress leading to spectrin 
and hemoglobin complex formation at the cytoskeleton network. Consequently, 
plastic deformation of the spring-like spectrin occurs, where the deformation is 
irreversible (Li et al. 2006; Radfar et al. 2008). This explanation may account for the 




lengthening of the iRBC spectrin after chloroquine treatment. Experimentally, plastic 
deformation of the spectrin and hemoglobin complex formation resulted in an 
increase in stiffness and sphericity of the iRBCs and thus, reduced the measured 
contact area under flow condition. This decrease in contact area in turn attributed to 
the decrease in the binding strength of iRBCs under flow. 
 
4.7 Summary 
In this study, we observed continued cytoadherence of malaria iRBCs after 
chloroquine treatment. With longer duration of chloroquine treatment, the binding 
strength of the iRBCs decreases. As discussed in chapter 3, the change in binding 
strength could be attributed to many factors involved in the dynamic binding process 
such as substrate protein concentration, contacting areas, binding rate and so on. 
Curiosity led us to study these factors which may contribute to the decreases in 
binding strength. Firstly, we measured knob size and knob density on the iRBC 
membrane because PfEMP1 protein concentration is correlated to knob density 
(Joergensen et al. 2010).  However, we did not observe significant difference in knob 
size and density before and after chloroquine treatment. Thereafter, we investigated 
the membrane shear modulus and sphericity which may affect the contact area under 
flow. The increase in iRBCs membrane shear modulus and sphericity after 
chloroquine treatment indicated the potential reduction in contact areas which was 
verified experimentally by TIRF microscopy. Analyzing AFM images of cytoskeleton 
network, we observed that the elongation of spectrin may contribute to the increase in 




cell stiffness and sphericity after chloroquine treatment and thus, may explain the 
decrease in binding strength under flow. 
  




Chapter 5 Conclusions and Future Studies 
5.1 Conclusions 
In the first part of the thesis, we developed a flow protocol to simulate in vivo flow 
condition. Utilizing this microfluidic device and several microscopy techniques, we 
studied the dynamic binding kinetics of P. falciparum iRBCs under flow. This study 
was the first experimental demonstration of the bistability property of the adhesion of 
P. falciparum iRBCs under shear flow. Combined with a theoretical bistability model, 
we fitted our experimental flow data and showed that the binding strength was 
affected by the concentration of substrate protein coating, contact area of iRBC to 
protein coated substrate and the size of the rupture area at the rear edge of the contact 
area.  
 
For the trophozoite stage of iRBCs, higher concentration of CD36 coating resulted in 
a larger hysteresis loop, leading to a larger binding strength as predicted. Higher 
substrate concentration enables formation of larger number of bonds between the 
iRBCs and the CD36 coated substrate. Surprisingly, when the CD36 concentration 
was fixed, the schizont stage iRBCs which were reported having more knobs on the 
surface had smaller hysteresis loops as compared to the trophozoite stage iRBCs.  
We then found that this reduction in binding strength of the schizont stage iRBCs was 
caused by the decrease in contact area as measured by TIRF microscopy under flow 
condition. At the schizont stage, the iRBCs are less deformable than the trophozoite 




stage iRBCs, thus causing the contact area to decrease under flow condition. 
Moreover, referring to the theoretical model, the decrease in rupture area size also 
exponentially affects the binding strength. This effect arises as the degradation of the 
cytoskeletal network at the schizont stage leads to less efficient mechano-transduction 
of the rupture load. Consequently, the rupture load reaches the breaking point more 
easily leading to the bonds breaking and thus forms a smaller rupture area as 
compared to the trophozoite stage iRBCs. 
 
Apart from mimicking the physiological environment to study the binding dynamics 
of iRBCs, we also investigated the effects of chloroquine, an anti-malaria drug, on the 
cytoadherence of iRBC under flow condition. We first observed that some of the 
trophozoite stage iRBCs remained adhesive after chloroquine treatment and the 
adhesion strength decreased as the chloroquine treatment duration was prolonged. 
Then, we studied the mechanism that led to the decrease in cytoadherence after 
chloroquine treatment. We considered two possible factors that may contribute to the 
decrease in binding strength: PfEMP1 expression level and contact area. We were not 
able to measure the PfEMP1 expression directly due to the rapid phenotype switching 
in each asexual cycle. Instead, we measured the PfEMP1 expression by analyzing the 
knob structure distribution on the iRBC surface. AFM imaging provided us qualitative 
information of the knob density, knob diameter, and knob height with and without 
chloroquine treatment. Through the analysis of these parameters, we did not find any 
significant change after 24 hr chloroquine treatment. It seems PfEMP1 expression 




remains consistent after chloroquine treatment, since PfEMP1 expression is associated 
with knob formation (Joergensen et al. 2010). Apart from PfEMP1 expression, the 
other factor we considered was the contact area. Since the contact area is determined 
by the iRBC deformability and sphericity, we studied the iRBC membrane shear 
modulus and sphericity using micropipette aspiration. The membrane shear modulus 
and sphericity of iRBCs both increased after 8 hours chloroquine treatment and this 
increase is mainly due to the long period of chloroquine incubation after iRBCs were 
killed.. As predicted, the contact area measured using TIRF microscopy was 
consistent with the deformability and sphericity results. The contact area decreased 
with longer period of chloroquine treatment. To understand the effect of chloroquine 
on the decrease of the contact area, we also studied the cytoskeleton network of 
iRBCs after chloroquine treatment using AFM. By analyzing the spectrin network 
images, we found that the spectrin length was increased after 24 hours chloroquine 
treatment. The increase in spectrin length may be due to the oxidative stress generated 
during chloroquine-heme reaction which leads to the spectrin and hemoglobin 
complex formation. These studies provided us with more details about the side effects 
of chloroquine on cytoadherence in addition to killing the parasite as an anti-malaria 
drug. 
 
To our knowledge, this is the first study of dynamic binding kinetics of P. falciparum 
iRBC under flow condition as well as the biomechanical study of chloroquine effect 
on iRBC under flow condition. Our study not only established a new protocol to study 




the binding kinetics of cell adhesion under flow, it also provided a better 
understanding of cytoadhesion in malaria pathogenesis. Potentially it could be applied 
in the testing of adjunctive therapy targeting adhesion process. 
 
5.2 Future studies 
In the study of dynamic binding kinetics of cell adhesion under flow condition, our 
flow system allowed us to mimic the in vivo shear stress. This advanced flow based 
assay could be extended to other important endothelial receptors such as ICAM-1 or 
CSA protein. In addition, with the development of three-dimensional 
microvasculature in vitro culture technique, a better physiological condition can be 
simulated in vitro, thus the study of cytoadhesion as well as capillary occlusion may 
help us better understand malaria pathogenesis.  
 
For the study of effects of chloroquine on iRBC cytoadherence, we are not able to 
directly examine the chloroquine effect on PfEMP1 expression. However, this may be 
done using an antibody towards the conserved inner domain region of PfEMP1 and 
Transmission Electron Microscopy (TEM) to obtain a cross-sectional image. PfEMP1 
level after chloroquine treatment may hence be directly measured. Using the 
established protocol, we may also extend out study to the effects of other anti-malaria 
drugs or chemicals on iRBCs cytoadhesion which may contribute to the development 
of adjunctive therapy. 
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